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In perspective of applying the various fields such as catalysis and separation, metal-organic 
frameworks (MOFs) or coordination polymers (CPs) has been prominent materials. First of all, MOFs 
or CPs are new types of precursor of nanomaterials like porous carbons, metal oxide, metal 
phosphides, and their composites because they contain both organic and inorganic species and the 
parallel role of templates. Also, MOFs can easily incorporate various types of functionalities into 
metal centers and organic ligands. The introduction of these versatile constituents bring a great deal of 
opportunities for the development of new porous material with characteristic features and lead to the 
widespread applications, including catalysis and separation. In this dissertation, I divide into two parts 
in terms of the transformation of MOFs; Development of advanced materials via thermal conversion 
of MOFs (Chapter 1, 2, 3, and 4), and Exploration of flexible behaviors and catalytic selectivity via 
pore engineering of MOFs (Chapter 5, 6, and 7). 
Chapter 1 describes a brief introduction and review to the thermal transformation of MOF/CPs 
focus on my works in a period of the doctoral course. The works on chapter 2 and 3 deal with porous 
carbon through MOF/CP conversion. In chapter 2, we report the conversion of nonporous Zn-based 
CPs to hierarchically porous N-doped carbons (PNCs). Furthermore, the pore sizes of these PNCs can 
be tuned by varying the conversion conditions. During the thermal conversion of species act as 
porogens, mainly generating micropores. As utilizing this conversion phenomenon by employing the 
different thermolysis conditions such as reaction temperature, ramping rate, and retention time, the 
porosity of the PNCs was successfully tuned. The pore-controlled PNCs were examined for use as 
electrocatalysts in a rechargeable seawater battery system. Chapter 3 gives an account of a new type 
of hollow carbon material consisting of non-spherical, adamantane-shaped, hierarchically micro- and 
macro-porous, N-doped carbon nanoframes by exploiting selective etching and pseudomorphic 
thermal conversion of ZIF-8. They showed superior performance as adsorbents for large dye 
molecules and as catalysts for the oxygen reduction reaction relative to macropore-free N-doped 
carbons, which can be attributed to the presence of macropores, fully utilizable pore surfaces, and 
nitrogen species.  
Chapter 4 introduces a simple preparation route for the composite of small Ni2P nanoparticles 
(NPs) entrapped in 3D mesoporous graphene by the thermal conversion of a coordination compound 
and the followed phosphidation. Notably, graphitic shell layers in Ni2P@mesoG stabilize small Ni2P 
NPs possessing a large active surface area, and facilitate the electron transfer due to the intimate 
contact between them. Consequently, the use of Ni2P@mesoG exhibits superior electrocatalytic 




Chapter 5 treated an introduction and previous study of pore engineering MOF pores with 
functionalities and tuning of the flexible behavior in MOFs focus on my works in a period of the 
doctoral course. In chapter 6, we demonstrate the tuning of the flexibility in MOFs. An isostructural 
series of flexible MOFs based on macrocycles having diverse pendant arms was developed to tune 
flexibility depending on functional groups. The pendant arms directing into the pores were found to 
play a key role in imparting different gate-opening behaviors in the threshold pressure and sorption 
capacity upon interaction with guest molecules.  
MOFs have recently emerged as a promising platform for heterogeneous catalysts owing to their 
high surface area and tunability. In chapter 7, we designed a MOF, flexMOF(CN) possessing free 
nitrile groups to anchor single-site catalyst. This flexMOF(CN) shows flexible behaviors such as 
gate-opening and breathing upon kinds and amount of guest molecules, especially showing the 
structural transformation upon CO2 pressure. With the active transition metals anchored to the MOF 
scaffold, we expected the synergistic effects of the flexible system on the catalytic reaction. More 
importantly, in CO2 atmosphere at the gate-opening pressure, the catalytic conversion and selectivity 
were significantly improved. As a result, flexible MOFs can give an opportunity to control and 
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K. 
Figure 6.28. Comparison of XRPD patterns of cp-flexMOF(CN), the sample after water adsorption 
at 298 K, and after re-activation by heating under vacuum. 
Figure 6.29. Comparison of XRPD patterns of cp-flexMOF(CH2), the sample after water adsorption 
at 298 K, and after re-activation by heating under vacuum. 
Figure 6.30. (a) Ethanol and (b) benzene vapor isotherms of flexMOF(OH) at 298 K. 
 
CHAPTER 7 
Figure 7.1. (a) Square planar Ni(II) macrocycles with nitrile pendant arms as metal building blocks 
and H4BPTC as an organic building block. (b) Single-crystal X-ray diffraction structure of 
flexMOF(CN), shown in the ab plane. (c) Representation of the catalytic Pd(II) sites anchoring in a 
tailored flexMOF(CN) (flexCatal). Color scheme: Ni, yellow; C, grey; O, red; N, blue; Pd, red balls. 
Figure 7.2. Representation of the linear connectivity between nitrile-functionalized macrocycle and 
BPTC ligands via coordinate and hydeogen bonds. 
Figure 7.3. Comparison of XRPD measured (black) and simulated patterns (red) of as-flexMOF(CN) 
and cp-flexMOF(CN). 
Figure 7.4. Pd 3d XPS spectra and fitting results of flexCatal.  
Figure 7.5. (a) FT-IR spectra and (b) those enlarged data of flexMOF(CN) and flexCatal. (c),(d) 
XRPD patterns of flexMOF(CN) and flexCatal with the simulated XRPD from single-crystal data 
from flexMOF(CN), d-flexMOF(CN), and cp-flexMOF(CN). 
Figure 7.6. Extended X-ray absorption fine structure (EXAFS) analysis of flexCatal and its first-shell 
fit. 
Figure 7.7. (a) Quantitative results of the EXAFS fit. (b) Anticipated structure of flexCatal based on 
the EXAFS results. 
Figure 7.8. (a) CO2 adsorption/desorption isotherms of flexMOF(CN) and flexCatal from 0 to 1 bar 
at 196 K. (b) High-presssure CO2 isotherms of flexMOF(CN) and flexCatal from 0 to 30 bar at 298 
K. 
Figure 7.9. High-presssure CO2 isotherms of cp-flexMOF(CN), cp-flexMOF(CN), and d-flexCatal 
from 0 to 30 bar at 298 K. The dotted line is the pressure (16 bar) that we apply in ethylene 
dimerization reactions for pore-opening. 




Figure 7.11. (a) Illustration of three kinds of catalysts in accordance with pre-treatment and CO2 
pressure. (b) Those catalytic conversion and selectivity for ethylene dimerization. 
Figure 7.12. Tabular summary of the preparation and results of flexCatal for ethylene dimerization. 
Figure 7.13. (a) Schematic representation of mechanistic pathways for ethylene dimerization, where 
M = metal ions. (b) Proposed catalytic cycle for ethylene dimerization and isomerization. 
Figure 7.14. (a) A proposed catalytic active sites. (b) Tabular summary of the preparation and results 
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Thermal Transformation of Metal-Organic Frameworks 
 
1.1 Introduction  
Nanostructured materials such as porous carbons, metal oxides and phosphides, and arranged metal 
nanoparticles have been intensively studied due to a variety of applications like energy conversion 
and storage devices, catalysis, and gas storage.1 In order to synthesize the suitable nanomaterials, the 
appropriate precursors and synthetic conditions are adopted. Generally, soft- and hard-templating 
routes are used to develop porosity by incorporating organic and inorganic precursors to porous 
carbon, metal oxides and phosphides.2,3 Sequential and/or individual synthesis is required to prepare 
these materials.  
Metal-organic frameworks (MOFs) or coordination polymers (CPs), a new type of precursor of 
these nanomaterials, need to be of interest because they contain both organic and inorganic species 
and the parallel role of templates.4 MOF is a well-ordered crystalline solid composed of coordination 
bonds between metal ions and organic ligands. So far, most work on MOFs has focused on 
synthesizing new MOFs and studying applications such as gas adsorption and separation, catalysis, 
sensing, and electronic and optoelectronic devices.5,6 In contrast, this PART I aims to examine the use 
of MOF/CP as precursors to thermal transformation to functional nanomaterials rather than MOF/CP 
themselves. In MOF scaffolds, organic and inorganic materials are periodically arranged at regular 
intervals, enabling the conversion reaction to produce materials with well-defined structures and 
chemical compositions even in the solid state. Due to the numerous types of metal ions/clusters and 
organic ligands that comprise MOFs, the coordination strength between those components and the 
thermal stability of the framework can vary greatly. This means that various chemical reactions take 
place depending on the precursor MOFs and thermal transformation conditions, providing unlimited 
potential to synthesize various functional nanomaterials. 
In this PART I, I will cover specifically the synthesis and applications of porous carbons and 








1.2 Porous Carbons 
Not only metal species but also carbon is a major element in MOFs, and thus, the appropriate choice 
of precursor MOFs and heat treatment can be expected to yield carbon-based nanomaterials. One way 
to generate nanoporous carbon is by removing metal species from composite materials, which are 
obtained during thermolysis. In this regard, Zn-based MOFs are proper precursor system for this 
approach. Yang et al. synthesized highly microporous carbon by carbonizing MOF-5 (Figure 1.1a).7 
They confirmed that the ZnO species formed within carbon matrix reduced to metallic Zn NPs during 
the thermal conversion of MOF-5 by a carbothermic reduction process at a temperature above 750 C. 
Subsequently, metallic Zn vaporized at over 900 oC under an inert atmosphere due to its low boiling 
point (908 C), and only the porous remained. As another representative Zn-based MOF, ZIF-8 has 
been often utilized as well.8 
Further exploiting the conversion mechanism of Zn-based MOFs, some novel approaches for 
contributing porosity to the resultant carbon have been developed that utilized the gas products 
generated during thermolysis. Kitagawa et al. synthesized foam-like porous carbon by carbonization 
of a Zn-based porous coordination polymer, [Zn(5-NO2-isophthalate)(4,4'-bipyridyl)]n, which includes 
a nitro group in the ligands.9 The nitro groups led to fast NO2 gas evolution kinetics during thermal 
conversion, which afforded a foam-like microstructure to the porous carbon material (Figure 1.1b). 
 
 
Figure 1.1. (a) Schematic view of the structural change of MOF-5 heat-treated to yield porous carbon. 
(b) Formation of the foam-like porous carbon by the NO2 gas evolution during carbonization. 









Unlike metallic Zn NPs, metals such as Ni, Co and Fe cannot be evaporated due to their high 
boiling points. Thus, they must be eliminated by etching with acid to afford porous carbon. 
Meanwhile, those can act as catalysts for graphitization, which will lead to the formation of graphitic 
porous carbon after a post-etching process. In 2015, our group converted a [Ni2(EDTA)] coordination 
complex into graphitic and mesoporous carbon (Figure 1.2).10 During the thermal conversion, Ni(II) 
ions were transformed into 4 nm-sized Ni NPs embedding in the carbon matrix. Owing to the catalytic 
function of Ni NPs, C-C bond cleavage occurred in the organic species, and sp2 carbons formed on the 
Ni NPs. As shown in Figure 1.2, the harsh thermal treatment at 1000 C induced severe 
agglomeration of the Ni metals on the carbon matrix, and the subsequent etching step eventually 
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To date, many efforts have been devoted to investigating factors affecting the properties of the 
carbon materials converted from MOFs. Several papers mentioned that the porosity of the parent 
MOFs facilitates the generation of porous structures of the resultant carbon from Zn-based MOFs.8,11 
Meanwhile, Kim et al. reported the thermal conversion of different kinds of Zn-based MOFs into 
porous carbon materials.12 They demonstrated a linear relationship between the Zn/C ratio of the 
parent MOFs and the surface area of the resultant carbon. To comprehensively compare these studies, 
we organized the reported results from various references, including our own, to verify the 
correlations between the surface area of parent MOFs and daughter carbons (Figure 1.3a) and between 
the Zn/C ratio of parent MOFs and the surface area of carbons (Figure 1.3b). We classified the types 
of parent MOFs, as differentiated by symbols (  for MOF-5,  for MOF-74,  for ZnCPazo-1, 
and  for others), and the corresponding literatures, as differentiated by color (red,7 green,11 
purple,12 and blue13). As being noticed, there are no apparent trends in both graphs corresponding to 
the kind of MOFs and no relationship appears between the results of each study with the results of 
previous reports, but meaningful trends are only observed in each literature. That is because many 
variables such as the framework structure and its stability, ligands (as carbon source), Zn ions/clusters, 
porosity, and synthetic conditions comprehensively play a role in determining the porosity of the 
resultant carbon materials. Thus, attributing the porosity to a single factor in this transformation 
would be an oversimplification. Instead, the plots demonstrate that carbon porosity highly depends on 
the conversion conditions, as indicated in Figures 1.3a and b, wherein even when converted the same 
MOF, the surface area of carbon dramatically varies with the synthetic conditions. This means that the 
physicochemical properties of parent MOFs do not directly transfer to the daughter carbons, but 
understanding the conversion mechanism enables controlling the porosity when utilizing parent MOFs. 
In this context, I reported the conversion of a nonporous Zn-based CP (ZnCPazo-1) to hierarchically 
porous carbon with different porosity by controlling the thermolytic conditions such as ramping rate, 
reaction temperature, and retention time (Figure 1.3c).13 In this research, since metallic Zn species can 
act as porogens, we controlled their degree of agglomeration by varying the thermal conversion 
conditions, thereby tuning the porosity. Rapidly eliminating Zn porogens with 10 C/min ramping rate 
to 1000 C for 1 h afforded the micropore-dominant carbon, while a slower ramping rate, a lower 
heating temperature and a longer retention time (5 C/min, 750 C for 6 h) induced a larger volume 
proportion of mesopores. I will deal with this porosity-tuned carbons in more detail in Chapter 2.  
In MOF thermolysis, heteroatoms (N, P and/or S) in organic ligands cannot be prevented from 
being included in the transformed carbon, easily producing functional heteroatom-doped porous 
carbon, which has attracted considerable attention due to its high electrocatalytic activity. For instance, 
porous N-doped carbon was synthesized using IRMOF-3 composed of NH2-functionalized BDC 
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ligands.14 Moreover, Fu et al. synthesized P/N-co-doped porous carbon via thermolysis of UiO-66-
NH2 functionalized with P-containing precursors through a post-synthetic modification.15  
 
 
Figure 1.3. (a) Correlation between the surface area of precursor MOFs and the surface area of the 
thermally converted carbon products. (b) Correlation between the Zn/C ratio of precursor MOFs and 
the surface area of the thermally converted carbon products. (red,7 green,11 purple,12 and blue 
markers13) (c) Schematic illustration of porosity-tuned PNCs converted from a nonporous Zn-based 
CP under different thermolysis conditions. 
 
Moreover, in 2018, I report a new type of hollow carbon material consisting of non-spherical, 
adamantane-shaped, hierarchically micro- and macro-porous, N-doped carbon nanoframes (mM-NCs) 
by exploiting selective etching and pseudomorphic thermal conversion of zeolitic imidazolate 
framework-8 (ZIF-8) (Figure 1.4).16 The mM-NCs showed superior performance as adsorbents for 
large dye molecules and as catalysts for the oxygen reduction reaction relative to macropore-free N-
doped carbons, which can be attributed to the presence of macropores, fully utilizable pore surfaces, 
and nitrogen species. I will cover about this hierarchically porous adamantane-shaped carbon in 
Chapter 3.  
Zn/C ratio in MOF precursors
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1.3 Metal Phosphides Nanoparticles  
Metal phosphides constitute an important class of materials, and their magnetic, semiconducting, 
superconducting, and catalytic properties endow then a wide range of applicability. In catalytic 
applications, metal phosphides have long been used in hydrotreating reactions such as 
hydrodesurfurization (HDS), which are of great importance in purifying hydrocarbon fuels and 
feedstocks. Interestingly, albeit being distinctively different reactions, both HDS and hydrogen 
evolution reaction (HER) have a common rate-determining step, dissociative adsorption of hydrogen 
molecules. Recognizing this similarity, the groups of Rodriguez and Schaak respectively 
demonstrated the catalytic activity of nickel phosphide for the HER computationally and 
experimentally. Later on, metal phosphides with a variety of compositions, dopants, and structures 
have been explored extensively as new HER catalysts, and their utility has recently been extended to 
oxygen evolution reaction (OER).17-21 
Catalytic metal phosphides can be prepared by various synthetic routes and in diverse forms. 
Most widely explored method is the phosphidation of metals, metal oxides, and metal hydroxides 
using phosphine sources, such as NaH2PO2. Alternatively, metal phosphates can be converted to metal 
phosphides by reacting with hydrogen or carbon. In these methods, in situ generated toxic PH3 gas is 
used as a phosphorus source. To prepare high surface area metal phosphides, the co-decomposition of 
metal precursor and organophosphorus source in the presence of surface capping surfactant has been 
explored. This colloidal method can produce small sized, highly uniform metal phosphide 
nanoparticles. However, for electrocatalytic applications, surface capping agents should be removed 
prior to generate clean catalytic surfaces and the NPs should be supported on conductive support such 
as carbon.  
In this sense, we easily synthesize of clean metal phosphides via a MOF/CP conversion approach. 
The conversion system must include the corresponding element, phosphorus, which can be introduced 
at the beginning of thermolysis as additives or sequentially reacted with the first conversion products. 
For instance, by the thermolysis of Ni2EDTA, I first prepared Ni NPs encapsulated in a mesoporous 
graphitic carbon shell (Ni@mesoG), which subsequently conducted the phosphidation with NaH2PO2, 
yielding Ni2P@mesoG (Figure 1.5).22 Since the Ni NPs were well covered by the graphitic carbon 
shell, their size did not change, even after a post-synthetic modification. I will deal with this Ni2P 





Figure 1.5. Scheme (top left), HR-TEM (top right) and EDS mapping (bottom) of the Ni2P NPs 
entrapped in mesoporous graphene via a post-transformation process. 
 
In addition to the previous approach, the targeted phosphorus elements can be directly incoperated 
into organic ligands to construct a MOF to be used as a single precursor. As shown in Figure 1.6, I 
synthesized a CP precursor with phosphorus-containing ligand, tris(2-carboxyethyl)phosphine. I could 
obtain metal phosphide NPs embedded into porous P-doped carbon (PPC) such as Ni12P5@PPC and 














































1.4 Organization of PART I 
The main theme of PART I is development of advanced materials via conversion of MOF/CPs. 
Chapter 1 describes a brief introduction and review to thermal transformation of MOF/CPs focus on 
my works in a period of doctoral course. The works on chapter 2 and chapter 3 deal with porous 
carbon through MOF/CP conversion. In chapter 2, I demonstrate the controllable-conversion toward 
porosity-tuned N-doped carbons by using non-porous CPs. Chapter 3 gives an account of 
hierarchically porous adamantane-shaped carbon nanofarames by utilization of representative MOFs, 
ZIF-8 and ZIF-67. The data of chapter 2 and chapter 3 was published in the Journal of Materials 
Chemistry A (J. Mater. Chem. A, 2016, 4, 13468; J. Mater. Chem. A, 2018, 6, 18906.). Chapter 4 
introduces a new synthetic approach to synthesize Ni2P nanoparticles entrapped in 3D mesoporous 
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Controllable-Conversion toward Porosity-Tuned N-doped Carbons 
 
2.1 Introduction 
Heteroatom-doped porous carbon materials have attracted tremendous attention as metal-free 
alternatives to Pt-based catalysts in the field of energy storage and conversion.1-5 Carbon, which has 
been believed to be a catalytically inert and low-value materials, revives as active and high-value 
material by adding of heteroatoms.6 Among heteroatom-doped carbon materials, the nitrogen-carbon 
system is appealing, because those are abundant and unlimitedly supplied elements. Recently, 
researchers in catalysis and materials science have developed various methods for the preparation of 
porous N-doped carbon (PNC) materials and investigated the role of the nitrogen atoms in the 
system.7-12 Because a necessary condition for the use of PNCs as electrocatalysts is an open structure, 
which permits the efficient mass transfer of reagent molecules, the secure of mesopores in PNC is 
critical for their catalytic performance. To prepare PNCs with adjustable pore structures, templating 
methods have been developed, and these templates can be either soft or hard.13-20 Soft templates are 
thermally unstable organic molecules such as polymers, which are directly calcined for carbonization. 
In contrast, hard templating methods use porous metal oxides such as silica, zeolite, alumina, and 
MgO. These inorganic materials infiltrate the carbon source, followed by carbonization. However, the 
former method is limited by the design of polymers and is disadvantageous due to the low degree of 
carbon conversion. In contrast, the latter requires multiple steps, i.e., infiltration, thermal annealing, 
and etching. Thus, development of a simple and cheap method for the preparation of pore-tuned PNC 
is still well worth researching.  
Recently, metal-organic frameworks (MOFs) or coordination polymers (CPs) have been used as 
the precursors of porous carbon materials.21-26 Due to the numerous possible combinations of metal 
ions and organic ligands, the conversion of MOFs/CPs allows the formation of a wide variety of 
interesting functional nanostructured materials with a broad range of applications. Especially, MOF-
driven methods can be scaled-up easily. Furthermore, due to the interaction between the metal species 
and organic ligands, the carbonization yield is high. From the previous reports, Zn-based MOFs are 
converted to microporous carbon, and the reduced Zn metal species are evaporated at high 
temperatures.27-29 Moreover, by introducing nitrogen-containing ligands to construct MOF, porous N-
doped carbon materials can be obtained easily as the product of thermal conversion.30 However, a 
pore-tuning method for carbon, especially in the mesoporous region, has not yet been well established, 
despite studies of the thermal conversion of MOFs to porous carbon. To date, high surface area and 
34 
 
Zn/C ratio of precursor MOFs are known to be the critical factors affecting the textural properties of 
MOF-driven carbon materials.31-34 However, those phenomena are limited to the specific case of 
MOFs, and a general conversion mechanism of MOFs are still veiled. Recently, our group has 
reported that even the discrete coordination compound can be converted into highly porous graphitic 
carbon materials based on understanding its conversion mechanism.35 Thus, our aim is to demonstrate 
that highly porous N-doped carbon materials can be synthesized from N-containing coordination 
compounds without the necessity to design and prepare highly porous and/or high dimensional MOFs. 
To realize this approach, we have used nonporous nitrogen-containing CPs for thermal conversion 
to PNCs. Furthermore, on varying the conversion conditions, the porosity of PNCs can be 
successfully tuned (Figure 2.1). Moreover, we explored the effect of the textural properties of the 
PNCs on the electrochemical performance of a seawater battery, used as an example of a practical 
application of PNCs. Recently, metal-air batteries such as Li-air and Na-air have received much 
attention because their energy densities are much greater than those of existing Li-ion batteries.36 As 
an aqueous type of a Na-air battery, seawater battery utilizes eco-friendly, abundant seawater 
containing Na ions, which can reduce the materials cost.37,38 The as-synthesized pore-tuned PNCs 
were employed as the electrocatalyst for the oxygen evolution reaction/oxygen reduction reaction 
(OER/ORR) in the battery. The PNC catalysts reduced the voltage gaps between the charge and 
discharge curves of seawater batteries compared to a battery that does not contain the catalysts. 
Furthermore, the battery containing the PNC processed at 750 °C showed stable cycling performance 




Figure 2.1. Schematic illustration of porosity-tuned PNCs converted from a nonporous Zn-based CP 











2.2 Experimental Methods 
2.2.1 Materials and characterizations methods. All chemicals and solvents were of reagent grade 
and used without further purification. Raman spectroscopy measurement was performed using a 
micro-Raman system (WITec) with an excitation energy of 2.41 eV (532 nm). Elemental analyses 
were performed by using a Thermo Scientific Flash 2000 series CHNS/O analyzer. 
Thermogravimetric analyses (TGA) were performed under N2(g) at a scan rate of 5 oC min-1, using a 
TGA Q50 from TA instruments. X-ray powder diffraction (XRPD) data were recorded on a Bruker 
D2 phaser diffractometer at 30 kV and 10 mA for Cu Kα (λ = 1.54050 Å), with a step size of 0.02º in 
2θ. X-ray photoelectron spectroscopy (XPS) was performed on a K-alpha from Thermo Fisher. 
Transmission electron microscopy (TEM) image was obtained on a JEOL JEM-2100 microscope. N2 
adsorption-desorption isotherms were obtained by BELSORP-max at 77 K. Prior to the adsorption 
measurements, PNC series were evacuated (p < 10-5 mbar) at 100 oC for 2 h. The specific surface area 
was determined in the relative pressure range from 0.05 to 0.3 of the Brunauer-Emmett-Teller (BET) 
plot, and the total pore volume was calculated from the amount adsorbed at a relative pressure of 
about 0.98-0.99. The pore size distribution curve which derived from desorption branch of isotherm 
was analyzed by using a Barrett-Joyner-Halenda (BJH) algorithm. 
 
2.2.2. Preparation of [Zn(FMA)(4-(phenylazo)pyridine)2(H2O)] (ZnCPazo-1). An ethanol solution 
(5 mL) of Zn(NO3)2.6H2O (0.050 g, 0.17 mmol) was carefully layered over an aqueous solution (5 mL) 
of sodium fumarate (Na2FMA, 0.027 g, 0.17 mmol). Subsequently, a methanol solution (5 mL) of 4-
(phenylazo)pyridine (0.061 g, 0.33 mmol) was added. Orange crystals of ZnCPazo-1 were obtained in 
two days. Yield: 0.041 g (43%), Anal. Calcd for [Zn(FMA)(4-(phenylazo)pyridine)2(H2O)], 
Zn4C104N24O20H88: C 55.38, H 3.93, N 14.90, O 14.19 found: C 55.19, H 3.90, N 15.37, O 14.50. A 
summary of the crystal structure of ZnCPazo-1 and some crystallographic data are listed in Tables 2.1 
and 2.2. 
 
2.2.3. Preparation of three PNCs (PNC-750, -850, and -1000). ZnCPazo-1 (4.10 g) was ground into 
a fine powder and heated at 5 °C min-1 for PNC-750 and -850, and 10 °C min-1 for PNC-1000 under a 
nitrogen flow of 500 mL min-1. After the temperature had reached 750, 850, and 1000 °C, respectively, 
the materials were maintained at those temperatures (6 h for PNC-750 and -850 and 1 h for PNC-
1000.). After cooling to room temperature rapidly, black powders were obtained. The powders were 
etched according to the following procedure: 1 M HCl (20 mL) was added to a vial containing the 
powder. The mixture was heated at 80 °C for 3 h. After cooling to room temperature, the solid 
product was filtered and washed with distilled water. The product was dried in vacuo at room 
temperature overnight to yield a PNC-750 (0.25 g), PNC-850 (0.24 g) and PNC-1000 (0.24 g). Found 
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for PNC-750: C 76.77, H 1.45, N 4.70, O 14.02. Found for PNC-850: C 78.51, H 1.74, N 4.05, O 
13.61. Found for PNC-1000: C 82.36, H 1.71, N 3.05, O 12.77. 
 
2.2.4. Preparation and conversion of ZnCPazo-2 [Zn(BDC)(4-(phenylazo)pyridine)]. The synthetic 
method for ZnCPazo-2 is similar to that of ZnCPazo-1 except sodium terephthalate (Na2BDC) was used 
instead of Na2FMA. Yield: 0.038 g (54%), Anal. Calcd for [Zn(BDC)(4-(phenylazo)pyridine)], 
Zn1C19N3O4H13: C 55.30, H 3.17, N 10.18, O 15.51 found: C 54.98, H 3.52, N 10.03, O 15.38. A 
summary of the crystal structure of ZnCPazo-2 and some crystallographic data are listed in Tables 2.3 
and 2.4. ZnCPazo-2 (2.00 g) was ground into a fine powder and heated at 5 and 10 °C min-1 under a 
nitrogen flow of 500 mL min-1. After the temperature reached 750 and 1000 °C, the material was 
maintained at that temperature for 6 h and 1 h. After cooling to room temperature rapidly, black 
powders were obtained. The powders were etched according to the following procedure: 1 M HCl (20 
mL) was added to a vial containing the powder. The mixture was heated at 80 °C for 3 h. After 
cooling to room temperature, the solid product was filtered and washed with distilled water. The 
product was dried in vacuo at room temperature overnight to yield a converted material at 750 °C 
(0.12 g) and at 1000 °C (0.11 g). Anal. Found for converted material at 750 °C: C 78.25, H 1.41, N 
4.65, O 13.78 and Anal. Found for converted material at 1000 °C: C 81.66, H 1.84, N 2.96, O 12.06. 
 
2.2.5. Evaluation of oxygen catalytic activity. The OER/ORR catalytic activity in seawater (Sigma) 
was investigated by rotating ring-disk electrode (RRDE) measurements. The catalyst inks of were 
prepared by mixing 15 mg of the PNC catalyst, 0.6 mL of DI water, 0.58 mL of ethanol, and 0.02 mL 
of 5 wt% Nafion (in H2O) and sonicating the mixture for 20 min. 3 μL of the ink was drop cast and 
dried on the surface of a polished glassy carbon disk electrode with 4 mm in diameter, resulting in a 
catalyst loading level of ~300 μg cm-2. For comparison, commercially available Pt/C (50 wt%, Alfa-
Aesar) and RuO2 (Alfa-Aesar) were used as representative ORR and OER electrocatalysts, 
respectively. The RRDE experiments were carried out using an IviumStat electrochemical analyzer 
(Ivium Technologies) at room temperature using a three electrode system: graphite and Ag/AgCl 
(saturated KCl) electrodes were used as the counter and reference electrodes, respectively. The 
measured potentials vs. Ag/AgCl were converted to the reversible hydrogen electrode (RHE) potential 
scale. Before the RRDE measurements, the surface of catalysts was cleaned by cycling the potential 
between 0.05-1.2 V vs. RHE at a scan rate of 100 mV s-1 for 20 cycles in a N2-saturated seawater. The 
ORR activity was evaluated in an O2-saturated seawater a rotating speed of 1600 rpm with linear 
sweep voltammetry (LSV) from 1.2 V to 0.1 V at a scan rate of 5 mV s-1. For the OER, cycling 
voltammetry (CV) was performed in a N2-saturated seawater at 1600 rpm within a voltage range of 
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1.2-1.9 V at 5 mV s-1. The OER current was recorded from the cathodic scan. The ORR and OER 
currents were corrected by iR-drop compensation. 
 
2.2.6. Cycling tests of seawater batteries. The PNCs were tested as the electrocatalysts for the air-
electrode of a seawater battery. Carbon felt (20 mm × 20 mm) was used as the cathode current 
collector, and before the catalyst coating, the felt was heat-treated at 500 °C for 2 h in ambient air to 
yield a hydrophilic surface.39 The catalyst-coated air electrodes were fabricated by the following 
slurry-coating and drying method. First, the slurry was prepared by mixing 90 wt% PNC-catalyst 
(0.18 g) with 10 wt% poly(vinylidene) fluoride (PvdF) binder (0.02 g) in N-methyl-2-pyrrolidone 
(NMP) solvent (10 mL) with a centrifugal mixer (Thinky AR-100) for 20 min. Subsequently, the 
slurry was deposited onto the heated carbon felt (HCF) and dried in an oven at 80 °C for 5 h. For 
comparison, Pt/C and RuO2 powders were used as a reference electrocatalyst. We used a Na 
superionic conductor (NASICON), Na3Zr2Si2PO12 (with a diameter of 16 mm and a thickness of 0.8 
mm) as the solid electrolyte, which was prepared by previously reported method.38 The pouch-type 
cell of seawater batteries is composed of the anode and cathode compartments separated by the 
NASICON ceramic. The assembly of the anode was carried out in a glove box under a high-purity Ar 
atmosphere (O2 and H2O of < 1 ppm). First, the Na metal (99.9%, Sigma Aldrich) anode was attached 
to the surface of a Ni mesh, which was used as the anode current collector. The anode was placed onto 
one side of the NASICON and 1 M NaCF3SO3 (Sigma Aldrich) in tetra ethylene glycol dimethyl ether 
(Sigma Aldrich), the organic electrolyte, was injected before the anode was sealed. A polyethylene 
separator was also inserted between the Na metal and the NASICON to prevent direct contact. The 
assembled anode was integrated with the air-electrode and then immersed in a seawater catholyte. The 
electrochemical properties of the cells were tested using a battery cycler (WBCS3000L, WonAtech) at 
room temperature. The galvanostatic charge and discharge voltage profiles were recorded at a current 









Table 2.1. X-ray crystallographic data of ZnCPazo-1. 
Compound ZnCPazo-1 
formula Zn4C104N24O20H88 
crystal system Triclinic 
space group P-1 
fw 2255.46 
a, Å 15.014(3) 
b, Å 18.539(4) 
c, Å 19.763(4) 
α, deg 89.57(3) 
β, deg 78.43(3) 
γ, deg 70.48(3) 
V, Å3 5068(2) 
Z 2 
calcd, g cm-3 1.478 
temp , K 173(2) 
, Å 0.69999 
, mm-1 1.019 
goodness-of-fit (F2) 1.084 
F(000) 2320 
reflections collected 49468 
independent reflections 22567 [R(int) = 0.0488] 
completeness to max, % 98.8 
data/parameters/restraints 22567/1369/0 
 range for data collection, deg 3.01-27.48 
diffraction limits (h, k, l) -19 h  19, -23 k  24, -25l  25 
refinement method Full-matrix least-squares on F2 
R1, wR2 [I>2(I)] 0.0499
a, 0.1367b 
R1, wR2 (all data) 0.0906a, 0.1693b 









. bwR(F2) = [	w(Fo2 - Fc2)2/	w(Fo2)2]½ where w = 1/[2(Fo2) + (0.0573P)2 + 






Table 2.2. Selected bond distances (Å) and angles (deg) of ZnCPazo-1. 
Zn(1)-O(1) 2.077(3) Zn(1)-O(2) 2.087(3) 
Zn(1)-O(3) 2.046(3) Zn(1)-O(11)#1 2.173(2) 





































































O(3)-Zn(1)-N(4) 88.91(12) O(1)-Zn(1)-N(4) 95.52(12) 
O(2)-Zn(1)-N(4) 88.81(12) O(11)#1-Zn(1)-N(4) 87.60(11) 
N(1)-Zn(1)-N(4) 176.69(13) O(7)-Zn(2)-O(9)#2 103.27(10) 

























































































Symmetry transformation used to generate equivalent atoms:  
























Table 2.3. X-ray crystallographic data of ZnCPazo-2. 
Compound ZnCPazo-2 
formula Zn1C19N3O4H13 
crystal system Monoclinic 
space group P21/c 
fw 412.69 
a, Å 12.076(2) 
b, Å 10.117(2) 
c, Å 15.042(3) 
α, deg 90 
β, deg 111.41(3) 
γ, deg 90 
V, Å3 1710.9(7) 
Z 4 
calcd, g cm-3 1.602 
temp , K 100(2) 
, Å 0.700 
, mm-1 1.407 
goodness-of-fit (F2) 1.144 
F(000) 840 
reflections collected 13700 
independent reflections 5565 [R(int) = 0.0744] 
completeness to max, % 94.9 
data/parameters/restraints 5565/245/0 
 range for data collection, deg 1.78-33.33 
diffraction limits (h, k, l) -17 h  14, -12 k  13, -21l  21 
refinement method Full-matrix least-squares on F2 
R1, wR2 [I>2(I)] 0.0429
a, 0.1160b 
R1, wR2 (all data) 0.0525a, 0.1293b 









. bwR(F2) = [	w(Fo2 - Fc2)2/	w(Fo2)2]½ where w = 1/[2(Fo2) + (0.0573P)2 + 






Table 2.4. Selected bond distances (Å) and angles (deg) of ZnCPazo-2. 
Zn(1)#3-O(2) 1.9911(11) Zn(1)-O(3) 1.9448(11) 
Zn(1)-O(1) 1.9586(11) Zn(1)-O(2)#3 1.9911(11) 













































































    
    
    
    
    
Symmetry transformation used to generate equivalent atoms:  








2.3 Results and Discussion 
To construct the nitrogen-containing coordination polymer, 4-(phenylazo)pyridine was chosen with 
Na2FMA as an organic ligand. The self-assembly of Zn(NO3)2.6H2O, Na2FMA and 4-
(phenylazo)pyridine yielded orange crystals of [Zn(FMA)(4-(phenylazo)pyridine)2(H2O)] (ZnCPazo-1), 
whose structure was determined by single-crystal X-ray diffraction (Figures 2.2 and 2.3). ZnCPazo-1 
possesses four crystallographically independent Zn atoms in distorted octahedral coordination 
geometry, for which the bond lengths and angles are listed in Table 2.2. Zn1 and Zn4 are bonded to 
two carboxylate O atoms, associated to two different FMA2- moieties, two water molecules, and two 
N atoms of the pyridine ligands. Zn2 and Zn3 are coordinated by four carboxylate O atoms of three 
different FMA2- ligand and two N atoms of the pyridine ligands. The Zn-FMA coordination generates 
the 2D layers, and the 4-(phenylazo)pyridine molecules coordinate to the apical positions of each Zn2+ 
ion. The 2D layers are stacked in an interdigitated manner with π-π interactions between the pyridine 
rings (range of shortest C C distances, 3.548–4.386 Å). The PLATON calculations indicate that 
ZnCPazo-1 contains 0.1% void space (7.2 Å3 per unit cell volume) for guest molecules per unit cell.40 
The N2 adsorption-desorption isotherm of the ZnCPazo-1 at 77 K also showed typical type II sorption 
behavior with a Brunauer-Emmett-Teller (BET) surface area of 13.7 m2∙g–1 and a total pore volume of 
6.4 × 10-2 cc∙g-1, indicating a nonporous nature (Figure 2.4). TGA measurements indicate that the 
coordinated H2O molecules are lost at 100 °C (calculated 3.2%, experimental 3.2%), and the 
decomposition of ZnCPazo-1 occurs at temperatures greater than 190 °C, with the loss of organic 
species (Figure 2.5). Additional weight loss of 11.0% started at around 700 °C and ended at 950 °C, 
corresponding to the evaporation of Zn metal (calculated 11.6%).  
 
 
Figure 2.2. Single-crystal X-ray structure of ZnCPazo-1. (a) The coordination environment of Zn ions 
with FMA2-, H2O, and 4-(phenylazo)pyridine. (b) The structure projected along the b-axis, showing 
the interdigitated nonporous framework. Hydrogen atoms are omitted for clarity. Color scheme: C, 











Figure 2.3. XRPD patterns of ZnCPazo-1: measured pattern of as-synthesized ZnCPazo-1 and simulated 





Figure 2.4. Nitrogen adsorption-desorption isotherm of ZnCPazo-1 at 77 K. 
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BET surface area = 13.7 m2 g-1




Figure 2.5. TGA trace of ZnCPazo-1 obtained under a nitrogen atmosphere with 5 oC/min ramping rate. 
The result indicated 3.2% weight loss at 100 oC for one coordinating water (calculated 3.2%). 
 
To obtain the desired porous materials via the thermal conversion of MOFs or CPs, the physical 
and chemical properties of the MOFs or CPs accompanied with those conversion reaction conditions 
are critical because these factors affect the generation of porogens. Our previous studies have 
demonstrated that aliphatic ligands in MOFs are easily decomposed to form organic vesicles that are 
subsequently evaporated to generate a nanoporous metal oxide.21 Based on this understanding of the 
conversion mechanism, the pore size of the nanoporous metal oxides can be readily tuned by simple 
control of experimental parameters, following variation in the size of the organic vesicles that act as 
porogens. While a faster ramping rate resulted in the rapid transport and removal of organic vesicles, 
limiting the formation of large pores, the thermal conversion of MOFs without nitrogen flow yielded 
larger pores due to the growth of the organic vesicles. In a similar fashion, in the Zn-based MOFs or 
CPs, Zn metal species, generated by carbothermic reduction during the thermal conversion, act as 
porogens; these porogens mainly form micropores, and thus, the control of the size of Zn metal 
agglomerates allows the pore-tuning of carbon materials. In this regard, the temperature for thermal 
conversion, the temperature ramping rates, and the retention time at the conversion temperature are 
factors determining the size of the porogens that subsequently control the nanopore size. Accordingly, 
the as-synthesized nonporous ZnCPazo-1 was thermally treated under three different thermal 
conditions; heating at 1000 °C for 1 h with a ramping rate of 10 °C∙min-1, at 850 °C for 6 h with a 
ramping rate of 5 °C∙min-1, and at 750 °C for 6 h with a ramping rate of 5 °C∙min-1 under nitrogen flow 
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(500 mL∙min-1). Carbonization conducted below the boiling point of Zn metal (908 °C) proceeded 
with a slower ramping rate and longer retention time to induce the agglomeration of Zn species and 
yield greater mesoporosity (Figure 2.1). 
 
 
Figure 2.6. (a) XRPD patterns of the thermally converted solids at 750, 850, and 1000 °C. (b) XPS N 
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As shown in Figure 2.6a, the XRPD pattern for the solid obtained by the thermal treatment at 
750 °C corresponds to that of ZnO (JCPDS no. 89-7102), which arises from the oxidation of Zn metal 
species during the cooling step.41 In contrast, the resultant solids formed by heating at 850 and 
1000 °C did not show diffraction peaks for ZnO, instead a very low intensity, broad peaks at around 
24o were observed, corresponding to carbon. This phenomenon matches with the TGA results, which 
indicate that 750 °C is not high enough to evaporate all Zn species; however, we found that by 
maintaining the samples at 850 °C for 6 h and at 1000 °C for 1 h, Zn metal was evaporated, producing 
metal-free carbon materials. The residual Zn species can be removed by etching with HCl, as shown 
by the absence of ZnO peaks in the XRPD pattern (Figure 2.7). Nevertheless, a trace of some Zn 
species, which interact strongly with the carbon matrix, was still existed, evidenced by thermal 
analyses under an oxygen atmosphere (2-3 wt%). As shown by elemental analyses, all of the resultant 
carbon materials contain nitrogen (4.70 wt% for 750 °C, 4.01 wt% for 850 °C, and 3.05 wt% for 
1000 °C), and the nitrogen content decreased upon increasing the carbonization temperature. In the 
XPS results of three resultant materials (Figure 2.6b), the N 1s spectrum was deconvoluted into three 
peaks centered at 398.6, 401.1, and 403.2 eV, which can be assigned to pyridinic nitrogen, graphitic 
nitrogen, and pyridine-N-oxide, respectively. Thus, these three carbon materials can be considered 
porous N-doped carbons (PNCs), which are designated as PNC-750, -850, and -1000, respectively, 
based on the thermolysis temperature. In addition, Raman spectroscopy was used to investigate the 
nature of the carbons (Figure 2.6c). A Raman D band is related to disordered carbon, and a G band is 
related to the graphitic sp2 carbon. The relative intensity ratio of the D and G bands (ID/IG) is generally 
proportional to the number of defects in graphitic carbons. D and a G bands for the three PNCs were 
observed at 1351 and 1592 cm-1, and ID/IG for PNC-1000, PNC-850 and PNC-750 were 0.992, 0.989 
and 0.987, respectively. The values of PNCs are comparable to those measured for rGO (ID/IG = ~1).42 
Although the nitrogen doping is greater for the PNC synthesized at the low reaction temperature, ID/IG 










Figure 2.7. XRPD patterns of PNC-750, -850, and -1000. 
 
 











PNC-750 1041 2.21 2.00 0.21 
PNC-850 1384 2.24 1.92 0.32 
PNC-1000 1902 2.31 1.79 0.52 
ZnCPazo-1   14  0.065  0.064  0.001 
 
a The specific surface area (SBET) was calculated by Brunauer-Emmet-Teller (BET) method. 
b Vtot represented the total pore volume at P/P0 = 0.99. 
c The mesopore volume (Vmeso) was determined by applying Barrett-Joyner-Halenda (BJH) analysis. 
d The micropore volume (Vmicro) was obtained by subtracting the mesopore volume from total pore 
volume.  
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/ deg








Figure 2.8. Characterization of PNC-750, PNC-850, and PNC-1000. (a) N2 adsorption-desorption 
isotherm at 77 K. (b) BJH pore size distribution curve. TEM image of (c) PNC-750, (d) PNC-850, and 
(e) PNC-1000. 
 
The textural characteristics of PNC-750, -850, and -1000 were examined by measuring nitrogen 
adsorption-desorption isotherms at 77 K (Figures 2.8a and b, and Table 2.5). PNC-1000 showed a 
typical type I isotherm with high Brunauer-Emmett-Teller (BET) surface area (1902 m2/g) and large 
total pore volume (2.31 cc/g). A large uptake of nitrogen at a low relative pressure (P/P0 < 0.02) 
indicates the large amount of micropores, and this might be due to the rapid vaporization of Zn 
species at high temperature from the carbon matrix. This PNC, transformed from the nonporous CP, 
has comparable or superior textural properties to those of porous carbons derived from highly porous 
MOFs.31 Notably, the textural nature of the parent MOFs or CPs are not always inherited by the 
derived carbon material. Instead, those intrinsic physical and chemical properties that affect the 
thermal conversion phenomena are critical to determining the textural properties of the converted 
carbon materials. In the present work, to tune the pore sizes, thermal conversion temperature and the 
retention time at the conversion temperature were controlled. As listed in Table 2.5, the thermal 
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treatment of nonporous ZnCPazo-1 at a lower temperature with longer retention time resulted in the 
larger portion of mesoporosity within a similar total pore volume. While PNC-1000 has a micropore 
volume of 0.52 cc/g with 1.79 cc/g of mesopores of the 2.31 cc/g total pore volume, PNC-850 and -
750 contained micropore volumes of 0.32 and 0.21 cc/g, respectively, and mesopore volumes of 1.92 
and 2.00 of total pore volumes of 2.24 and 2.21 cc/g, respectively. The TEM images also support the 
high porosity of PNCs (Figures 2.8c, d, and e). As shown in the TEM image of PNC-750, larger pores 
are are present, and ultrathin graphitic layers are well-distributed in comparison with those shown in 
the image of PNC-1000. These TEM observations are consistent with the Raman spectroscopy results.  
This conversion phenomenon was successfully extended to the another nonporous CP, ZnCPazo-2 
([Zn(BDC)(4-(phenylazo)pyridine)]), whose structure determined by single-crystal X-ray diffraction 
(Figures 2.9 and 2.10), and N2 adsorption-desorption results demonstrated that it is nonporous with a 
BET surface area of 1.72 m2∙g–1 and a total pore volume of 3.0 × 10-3 cc∙g-1 (Figure 2.11). The carbon 
material converted from ZnCPazo-2 obtained at different temperatures showed a similar trend in the 
changes of micro- and mesopore distribution by simple control of the experimental parameters 
(Figures 2.12 and 2.13, and Table 2.6). 
 
 
Figure 2.9. XRPD patterns of ZnCPazo-2: measured pattern of as-synthesized ZnCPazo-2 and 
simulated pattern from the single-crystal X-ray diffraction data. 







Figure 2.10. Single-crystal X-ray structure of ZnCPazo-2 (a), (b) The coordination modes of the 
BDC2- and pyridines. (c) Structure projected along the b-axis, showing nonporous framework. 
















Figure 2.12. Nitrogen adsorption-desorption isotherm of thermally converted materials of ZnCPazo-2. 
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BET surface area = 1.72 m2 g-1
Total pore volume = 0.003 cm3 g-1
Relative Pressure / P/P0

























Figure 2.13. BJH pore size distribution curves of thermally converted materials of ZnCPazo-2. 
 
 












Converted material at 750 oC 1195 0.68 0.28 0.40 
Converted material at 1000 oC 1334 0.70 0.24 0.46 
ZnCPazo-2 1.720 0.003 0.002 0.001 
 
a The specific surface area (SBET) was calculated by Brunauer-Emmet-Teller (BET) method. 
b Vtot represented the total pore volume at P/P0 = 0.99. 
c The mesopore volume (Vmeso) was determined by applying Barrett-Joyner-Halenda (BJH) analysis. 






















Controlled pore sizes and porosity of carbonaceous materials are crucial to ensure their catalytic 
activities. In this work, we employed the PNCs as metal-free electrocatalysts for the OER/ORR in 
seawater batteries. Prior to the application, we examined the oxygen catalytic activity of the PNCs in 
seawater by rotating ring-disk electrode (RRDE) measurements. For comparison, commercial Pt/C 
and RuO2 samples were tested as representative electrocatalysts towards the ORR and OER, 
respectively. Figure 2.14a shows the polarization curves for the ORR measured in O2-saturated 
seawater at 1600 rpm and 5 mV s-1. All the PNC samples exhibited almost similar ORR behavior 
(Eonset~0.70 V), which was rather inferior to the Pt/C (Eonset~0.81 V), but still better than the RuO2 
(Eonset~0.58 V). The OER activity was evaluated in a N2-saturated seawater at 1600 rpm and 5 mV s-1, 
and the resulting polarization graphs are displayed in Figure 2.14b. The OER on PNC-750 and PNC-
850 samples started at around 1.66 V, which was relatively high compared to that of the RuO2 
(Eonset~1.60 V), but slightly lower than that of the Pt/C: the OER activity of PNC-1000 was the worst 
among the samples. 
 
 
Figure 2.14. (a) ORR polarization and (b) OER polarization curves of Pt/C, RuO2, PNC-750, PNC-







Figure 2.15a depicts the schematic of cell structure of a seawater battery. Based on a multilayer-
electrolyte system, the battery consists of a Na metal anode (in an organic electrolyte) and a flowing, 
open-structured seawater cathode separated by a NASICON ceramic electrolyte. During the charging 
process, Na+ ions diffuse from the seawater into the anode through the NASICON separator and are 
reduced to Na metal; meanwhile, the OER occurs at the cathode (air electrode). On discharging, Na 
metal is oxidized and transported into the seawater via the NASICON ceramic, accompanied by the 
ORR at the cathode side. Given the redox potential of Na and the potentials of the OER and ORR at 
the pH of seawater (around 8) [4Na + 2H2O + O2 ↔ 4NaOH (aq)], the theoretical voltage is 
calculated to be ~3.48 V. Here, we examined the effect of the textural properties of PNCs on the 
electrochemical properties (electrocatalytic activity) in seawater battery. 
 
 
Figure 2.15. Schematic drawing of the cell structure of a seawater battery, (b) The initial charge-
discharge voltage profiles of the seawater batteries with different catalysts (Pt/C, RuO2, PNC-750, 
PNC-850, and PNC-1000) at 0.01 mA∙cm-2 for 20 h each step, and (c) The cycling performance of the 
PNC-750 sample during 20 cycles. The inset in (c) shows the charge-discharge voltage profiles at 1st, 





































Figure 2.15b shows the initial charge and discharge curves of the batteries with and without the 
PNC catalyst at 0.01 mA∙cm-2 for 20 h at each step. As references, cells with Pt/C or RuO2 catalysts 
were also tested under the same conditions. The cell with only an HCF air-electrode (no PNC) 
exhibited charge and discharge voltages of 3.86 V and 2.80 V, respectively, a large voltage gap (ΔV) 
of 1.06 V. This large gap was attributed mainly to large overpotentials stemming from the sluggish 
kinetics of the OER/ORR at the cathode during charge and discharge.37,43,44 In contrast, the cells with 
the PNC catalysts displayed relatively small voltage gaps of 0.44 V, 0.50 V, and 0.66 V for PNC-750, 
PNC-850, and PNC-1000, respectively. Although the discharge voltage of the PNC samples were 
lower than that of the Pt/C sample, the charge voltage (associated with the OER) was reduced; that is, 
the PNC-750 sample had a small voltage gap comparable with that of the Pt/C sample (0.39 V). The 
RuO2 sample exhibited a relatively large ΔV of 0.63 V, which was attributed mainly to the poor ORR 
activity, as evidenced by the RRDE data (Figure 2.14a). These results reveal that the PNC catalysts 
promote the OER/ORR during the charge/discharge processes, reducing the overpotentials. It should 
be noted that the electrocatalytic activity increased with decreasing SBET of the PNC, following the 
order of PNC-750>PNC-850>PNC-1000. Generally, a large surface area of electrocatalysts provides 
large amounts of catalytically active sites for the OER/ORR, resulting in high activity.43,45 However, 
the reverse trend between the activity and the SBET confirms the efficacy of the mesopores in 
electrocatalysts;43 PNC-750 had the smallest SBET but the largest Vmeso, which could provide greater 
mass-transport-accessible surfaces with more effective active sites. In addition, the higher nitrogen 
content and degree of graphitization of PNC-750 compared to the other PNCs may contribute to the 
higher electrocatalytic activity and better battery performance.37,43,44,46 Furthermore, PNC-750 
exhibited excellent cycling stability with small voltage gaps of <0.53 V during 20 cycles (total 800 h), 
as shown in Figure 2.15c. Although the specific mechanism and enhanced kinetics of the OER/ORR 
on the PNC must be investigated in more detail, these findings demonstrate the excellent 










In conclusion, we successfully synthesized PNCs through the thermal conversion of nonporous azo-
containing CPs (ZnCPazo-1 and ZnCPazo-2), and upon varying the conversion conditions, the porosity 
of the PNCs could be tuned efficiently. We concluded that the textural nature of the parent CPs is not 
passed down to the derived carbon materials; however, the intrinsic physical and chemical properties 
that affect the thermal conversion process are crucial in determining the textural properties of the 
converted carbon materials. By controlling the conversion conditions, such as temperature, ramping 
rate, and retention time, we could readily tune the pore size of PNCs, and we found that the 
mesoporosity was critical in controlling the electrocatalytic activity and resultant performance of a 
seawater battery (the charge-discharge voltage gaps). The PNC-750 sample showed excellent cycling 
stability with stable voltage gaps of <0.53 V at 0.01 mA∙cm-2 over 20 cycles (total 800 h). These 
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Hierarchically Porous Adamantane-Shaped Carbon Nanoframes 
 
3.1 Introduction 
Nanoporous carbons have been of great interest owing to their utility in a myriad of applications.1-5 
The significant progress achieved with nanoporous carbons over the last several decades has enabled 
the syntheses of ordered microporous,6,7 mesoporous,2,8 and macroporous9 carbons, as well as 
hierarchically porous carbons.10,11 In addition to these materials, hollow carbons have recently been 
identified as nanoporous carbons.5,12-15 The structure of hollow carbons consists of a hollow core and a 
porous or nonporous carbon shell layer. Hollow carbon structures have demonstrated great promise in 
many areas, particularly, in catalysis and energy storage.16-19 Hard templating routes using colloidal 
silica and polymer latex spheres as templates have been the most widely used method for generating 
hollow carbons.5,12-15 Soft templating, hydrothermal carbonization, and Stöber synthesis can also 
produce hollow carbons.5 Although controlling the carbon structure may yield desirable properties for 
specific applications, the morphology of hollow carbons has thus far been predominantly limited to 
spherical shapes. Furthermore, the carbon shell often limits the transport of reactants and products, 
even in the presence of embedded pores, thereby hindering full utilization of the carbons’ internal 
surfaces. Herein, we report the synthesis of a new type of hollow carbon consisting of nonspherical, 
adamantane-shaped carbon nanoframes by combining selective etching and pseudomorphic thermal 
conversion of a metal–organic framework (MOF).  
Thermal conversion reactions using MOFs as a precursor have emerged as a new means of 
generating nanoporous materials.20-27 Since the pioneering work of Xu and coworkers on the 
preparation of porous carbons using MOF precursors,28,29 microporous and hierarchically micro- and 
meso-porous carbons have been prepared.30-36 As a family of MOFs, zeolitic imidazolate frameworks 
(ZIFs) have received widespread attention.37 ZIF-8, which is constructed with tetrahedral Zn2+ nodes 
and 2-methyimidazolate (2-MetIM) linkers, has been widely exploited as the precursor for generating 
porous carbons.20-24 Interestingly, ZIF-8 with a rhombic dodecahedral morphology undergoes facet-
specific etching. Upon reactions under controlled acidic conditions, ZIF-8 crystals are preferentially 
etched through half of the eight three-fold vertices, resulting in hollow boxes with four macropore 
openings.38  
Here, we report the scalable synthesis of an adamantane-shaped, hierarchically micro- and macro-
porous, N-doped carbon nanoframe (mM-NC). Acidic etching of ZIF-8 yielded adamantane-shaped 
61 
 
macroporous ZIF-8 (M-ZIF-8), which was pseudomorphically transformed into a microporous carbon 
nanoframe with tunable macropores by thermolysis. The presence of window-like macropores allows 
facile access of large chemical species and full utilization of the internal pore surfaces. Additionally, 
N dopants derived from 2-MetIM enable strong interaction of mM-NC surfaces with guest 
molecules.39-42 By virtue of its large macropores, highly accessible/utilizable pore surfaces, and 
nitrogen functional groups, mM-NC exhibited high capacity toward the adsorption of large dye 
molecules; the adsorption is 5.5-fold higher than that of a microporous carbon without macropores 
(m-NC). The structural advantages of mM-NC also led to its superior electrocatalytic activity relative 




















3.2 Experimental Methods 
3.2.1 Characterization methods. All chemicals and solvents were of reagent grade and used without 
further purification. Raman spectroscopy measurements were performed using a micro-Raman system 
(WITec) with an excitation energy of 2.41 eV (532 nm). Elemental analyses were performed at the 
Central Research Facilities Center. TGA was performed under N2 at a scan rate of 5 °C min-1, using a 
TGA Q50 from TA instruments. X-ray powder diffraction (XRPD) data were recorded on a Bruker 
D2 phaser diffractometer at 30 kV and 10 mA for Cu Kα (λ = 1.54050 Å), with a step size of 0.02º in 
2θ. N2 sorption isotherms of samples were obtained using a BELSORP-max at 77 K. Prior to the 
adsorption measurements, the samples were evacuated (p < 10-5 mbar) at 100 °C for 3 h. The specific 
surface area was determined in the relative pressure range from 0.05 to 0.3 of the Brunauer-Emmett-
Teller (BET) plot, and the total pore volume was calculated from the amount adsorbed at a relative 
pressure of about 0.98-0.99. X-ray photoelectron spectroscopy (XPS) was performed on a K-alpha 
from Thermo Fisher. Scanning electron microscope (SEM) images were taken using a Quanta 200 
microscope (FEI) operating at 19 kV. UV-vis spectra were recorded with a V-670 UV/vis 
spectrophotometer. 
 
3.2.2 Synthesis of ZIF-8. ZIF-8 was synthesized according to a previous report.38 An aqueous (5 mL) 
solution of Zn(OAc)2∙2H2O (0.30 g, 1.37 mmol) was added into an aqueous (5 mL) solution of 2- 
MetIM (1.12 g, 13.6 mmol), and the mixture solution was vigorously stirred for 30 s. Then, the 
mixture was placed at room temperature for 24 h. The solid product was collected by centrifugation at 
7000 rpm and was washed with methanol several times. Finally, the white powder was dried under 
vacuum for 5 h at room temperature. Yield: 0.24 g (76%). Anal. Calcd for [Zn(2-MetIM)2], 
Zn1C8N4H10: C 42.22, H 4.43, N 24.62 found: C 41.82, H 4.40, N 24.26. 
 
3.2.3 Chemical etching of ZIF-8. Chemical etching of ZIF-8 was performed according to a modified 
literature procedure.34 As-synthesized ZIF-8 (200 mg) was dispersed in distilled water (20 mL) by 30 
min sonication. Simultaneously, xylenol orange tetrasodium salt (384 mg) was dissolved in distilled 
water (24 mL), and this etchant solution was adjusted to pH 2.0 for M-ZIF-8-100 and 1.7 for M-ZIF-
8-200 (M-ZIF-8-X, in which X is the macropore size) by adding 1 M HCl. Subsequently, the etchant 
solution was poured into the ZIF-8 dispersion, and the resulting mixture was stirred at 350 rpm for 3 h. 
The obtained solid was filtered on a membrane filter, washed with methanol, and dried to afford the 
final product (45 mg of M-ZIF-8-100, 37 mg of M-ZIF-8-200). Anal. Found for M-ZIF-8-100: C 





3.2.4 Thermal conversion of ZIF-8, M-ZIF-8-100, and M-ZIF-8-200. ZIF-8, M-ZIF-8-100, or M-
ZIF-8-200 (200 mg) was heated to 1000 °C at 5 °C min-1 in a flow of nitrogen (500 mL min-1) and 
held at the above temperature for 1 h, being subsequently rapidly cooled to room temperature to 
afford m-NC (53 mg), mM-NC-100 (50 mg), or mM-NC-200 (50 mg), respectively, as black powder. 
Found for m-NC: C 81.02, H 0.58, N 6.18. Found for mM-NC-100: C 80.65, H 0.59, N 6.29. Found 
for mM-NC-200: C 80.74, H 0.54, N 6.22. 
 
3.2.5 Synthesis of ZIF-67. ZIF-67 was synthesized according to a previous report.38 An aqueous (5 
mL) solution of Co(OAc)2∙2H2O (0.60 g, 2.41 mmol) was added into an aqueous (5 mL) solution of 2-
methylimidazole (2.24 g, 27.3 mmol), and the mixture solution was vigorously stirred for 15 sec. 
Then, the mixture was placed at room temperature for 5 h. The solid product was collected by 
centrifugation at 7000 rpm and was washed with methanol several times. Finally, the white powder 
was dried under vacuum for 5 h at room temperature. Yield: 0.36 g (66%). Anal. Calcd for [Co(2-
MetIM)2], Co1C8N4H10: C 43.45, H 4.56, N 25.34 found: C 43.43, H 4.42, N 26.12. 
 
3.2.6 Chemical etching of ZIF-67. The chemical etching procedure for the ZIF-67 was also modified 
by the previous study.38 As-synthesized ZIF-67 (200 mg) was dispersed by sonication in 20 mL of 
distilled water for 30 min. In parallel, xylenol orange tetrasodium salt (395 mg) was dissolved in 24 
mL of distilled water, and this etchant solution was adjusted to pH 2.2 for M-ZIF-67 by adding 1 M 
HCl. The etchant solution was then poured into the ZIF-67 solution, and the resulting mixture was 
stirred at 350 rpm for 6 h. The final solid was filtered with membrane filter and washed with methanol. 
After drying, the 10.6 mg of final product (M-ZIF-67) was obtained. Anal. Found for M-ZIF-67: C 
43.54, H 4.40, N 24.52. 
 
3.2.7 Thermal conversion of ZIF-67 and chemically etched ZIF-67. ZIF-67 (200 mg) was heated at 
2 oC min-1 under a nitrogen flow rate of 500 mL min-1. After the temperature reached 800 oC, the 
material was maintained at that temperature for 1 h. After cooling to room temperature rapidly, 122 
mg of a black powder (m-CoNC) was obtained. M-ZIF-67 followed the same procedure and yield a 88 
mg of a black powder (mM-CoNC). Found for m-CoNC: C 51.18, H 0.21, N 2.58. Found for mM-
CoNC: C 51.22, H 0.17, N 2.70. 
 
3.2.8 Dye sorption experiments. The obtained carbon materials were investigated as adsorbents for 
large dye molecules such as rhodamine B (RhB), congo red (CR), and methylene blue (MB) in 
aqueous solution. Typically, a 10 mg adsorbent sample was sonically dispersed into 50 mL of an 
aqueous dye solution held in a 100 mL flask, and the mixture was stirred at 150 rpm on a heating plate. 
For dynamic adsorption measurements, 1.0 mL aliquots of the dispersion were sampled at a given 
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time interval and filtered through a 0.2 μm syringe filter, with the concentration of the dye in the 
filtrate subsequently measured by UV-vis spectrophotometry. 
 
3.2.9 Dynamic adsorption study. The amounts of dye adsorbed after nth sampling (qn) and at 
equilibrium (qe) were calculated according to equations (1) and (2), respectively:  
 
qn = (c0 – cn) x V0 /m;  n = 1, 2, ….            (1)  
qe = (c0 – ce) x V0 /m       (2)  
 
where, c0 (mg L-1) is the initial dye concentration, cn (mg L-1) is the dye concentration after the nth 
sampling, V0 (L) is the initial solution volume, m (g) is the adsorbent mass, and ce (mg L-1) is the dye 
concentration in solution at adsorption equilibrium. 
 
3.2.10 Adsorption kinetics study. Adsorption kinetics was fitted to pseudo-first-order and pseudo-
second-order models, as shown in equations (3) and (4), respectively: 
 
ln(qe – qt) = lnqe – k1t        (3) 
t /qt = 1 /(k2qe2) + t /qe        (4) 
 
where qt and qe are the amounts of adsorbed dye (mg g-1) at time t and at equilibrium, respectively, 
and k1 (min-1) and k2 (g min-1 mg-1) are the corresponding adsorption rate constants. The kinetic 
parameters obtained by linear regression analyses and the corresponding correlation coefficients (R2) 
are listed in Table 3.1, 3.2, and 3.3. 
 
3.2.11 Adsorption isotherm study. Experimental adsorption data were fitted using Langmuir model, 
as shown in equations (5), respectively: 
 
ce /qe = 1 /(KL x qmax) + ce /qmax      (5) 
 
where qe and ce are the amount of adsorbed dye (mg g-1) and dye concentration (mg L-1) in water at 
adsorption equilibrium, respectively, qmax (mg g-1) is the maximum adsorption capacity, KL (L mg-1) is 
the Langmuir constant related to the binding energy between adsorbents and dye molecules. All 
obtained fitting parameters were shown in Table 3.1, 3.2, and 3.3. 
 
3.2.12 Electrochemical measurements. Electrochemical analysis was performed by using a 
bipotentiostat (CHI760E, CH Instruments) and a rotator (AFMSRCE, Pine Research Instrumentation) 
in a three-electrode cell at room temperature. An Hg/HgO (CHI152, Ch Instruments; 1 M KOH filling 
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solution) and a graphite rod were used as the reference and the counter electrode, respectively. 0.1 M 
KOH electrolyte was prepared by dissolving 99.99% KOH pellet (Aldrich) in deionized (DI) water 
(Millipore Milli-Q system, 18.2 MΩ∙cm). To report potential with respect to a reversible hydrogen 
electrode (RHE), a reduction potential difference between the Hg/HgO electrode and the RHE was 
obtained by constructing a two-electrode cell. A Pt coil and the Hg/HgO electrode were immersed in 
an electrolyte, and H2 gas was purged for 20 minutes. Since the Pt coil can be considered as the RHE, 
RHE conversion value could be taken by an open circuit potential. A RRDE (AFE7R9GCPT, Pine 
Research Instrumentation) coated with a catalyst ink was used as the working electrode. Prior to the 
measurement, the RRDE was polished with 1.0 µm and 0.3 µm alumina suspensions sequentially to 
obtain a mirror finish. For the preparation of the catalyst ink, 15 mg of catalyst powder, 50 µL of DI 
water, 37.5 µL of Nafion (5 wt% in isopropanol and water, D521, DuPont), and 505 µL of dry ethanol 
(Samchun) were ultrasonicated for 30 minutes. For Pt/C catalyst (20 wt% Pt, HiSPEC-3000, Johnson-
Matthey), a catalyst ink was prepared by mixing 3.5 mg of Pt/C, 100 µL of DI water, 30 µL of Nafion, 
and 1070 µL of dry ethanol. From the prepared catalyst ink, 6 µL was pipetted onto the glassy carbon 
(0.247 cm−2) of the RRDE, resulting in a 0.6 mg cm−2 catalyst loading (14 µgPt cm−2 for Pt/C). Before 
evaluating electrocatalytic properties, electrochemical cleaning was performed in advance by cyclic 
voltammetry (CV) in a potential range from 0.05 V to 1.2 V for 20 cycles at a scan rate of 100 mV s−1 
in the N2-saturated condition (50 cycles, 500 mV s−1 for Pt/C). Subsequently, CV was carried out in 
the same potential range for 3 cycles at a scan rate of 20 mV s−1 (50 mV s−1 for Pt/C). ORR 
polarization curves were obtained by linear sweep voltammetry (LSV) from 1.2 V to 0.2 V (-0.01 V – 
1.1 V for Pt/C) at a scan rate of 5 mV s−1 (20 mV s−1 for Pt/C) at a rotating speed of 1600 rpm in the 
O2-saturated condition. Non-faradaic current was corrected by conducting same LSV procedure in N2-
saturated condition, and subtracting LSV data collected in N2-saturated condition from that in O2-
saturated condition. To obtain a solution resistance for iR-compensation, electrochemical impedance 
spectra was achieved at 0.68 V with AC potential amplitude of 10 mV from 100,000 to 1 Hz. An 
intercept of X-axis from a Nyquist plot was determined as the solution resistance. ORR polarization 
curves were displayed after iR-compensation. Kinetic current was calculated by equation (6): 
 
1 /id = 1 /ik + 1 /il       (6) 
 
where id, ik, and il are the disk current, the kinetic current, and diffusion-limited current, respectively. 
Electron transfer number (n) and HO2− yield were calculated by the following equations (7) and (8), 
respectively: 
 
n = 200 /(1 + (N x id) /ir)      (7) 




where N and ir represents the collection efficiency (0.37, provided by manufacturer) and the ring 
current. The ring current was obtained by applying 1.3 V to Pt ring during LSV in O2-saturated 
condition. Tafel plots were acquired by the following equation (9): 
 
E = −blog(ik) + C       (9) 
 
where E, b, and C stand for the applied potential, the Tafel slope, and the constant. All the displayed 































3.3 Results and Discussion 
Figure 3.1a illustrates the preparation of mM-NC from ZIF-8. The chemical etching of rhombic 
dodecahedron ZIF-8 in acidic conditions yielded M-ZIF-8 having an adamantane-shaped nanoframe. 
A wide range of etching conditions was examined produce M-ZIF-8 with controlled macropore 
sizes and wall thicknesses. In a representative example, with stirring in the pH 1.7 etchant solution for 
3 h, ca. 300 nm-sized rhombic dodecahedron ZIF-8 crystals were transformed into hollow, 
adamantane-shaped nanoframes with 200 nm-sized macropores and 30 nm-thick walls (M-ZIF-8-200) 
via preferential etching through the <211> direction (Figures 3.1d and 3.2). Despite the etching of 
substantial amounts of internal component, M-ZIF-8-200 retained the ZIF-8 crystal structure (Figure 
3.3). Subsequently, with thermolysis at 1000 C under flowing N2 gas for 1 h, M-ZIF-8-200 
underwent a pseudomorphic transformation to yield mM-NC-200 with a well-preserved adamantine-
like M-ZIF-8-200 morphology (Figures 3.1e and i). When ZIF-8 crystals were directly subjected to 
thermolysis without the etching step, microporous N-doped carbon, m-NC, was obtained (Figures 
3.1b and f), which preserved the ZIF-8 morphology. 
 
 
Figure 3.1. (a) Schematic illustration of the preparation of M-ZIF-8, mM-NC, and m-NC from ZIF-8. 
High and low magnification SEM images of (b,f) m-NC, (c,g) ZIF-8, (d,h) M-ZIF-8-200, and (e,i) 
mM-NC-200. 
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The macropore sizes in M-ZIF-8 and mM-NC could be tuned by changing the etching solution pH. 
In less acidic etchant solution (pH 2.0), smaller macropores (~100 nm) and thicker walls (~100 nm) 
were generated in M-ZIF-8 to afford M-ZIF-8-100, which retained the ZIF-8 crystal structure (Figures 
3.2 and 3.3). Hence, according to the ZIF precursor morphology and etching conditions, the 
macroporosity of N-doped carbons can be controlled from macropore-free (m-NC, Figure 3.4a) to 100 
nm macropores (mM-NC-100, Figure 3.4b), to 200 nm macropores (mM-NC-200, Figure 3.4c). The 
N2 sorption isotherms for m-NC and the mM-NCs (Figures 3.4d and 3.5) showed similar N2 
adsorption capacities at low relative pressures, suggesting that all materials contained similar amounts 
of micropores within their carbon nanoframes, which originated from the rapid vaporization of Zn 
metal at high temperatures. At high relative pressures, while m-NC showed negligible N2 adsorption, 
the mM-NCs exhibited a significant uptake of N2. Analysis by SEM, TEM, sorption isotherms, and 
Non-local density functional theory (NLDFT) pore size distributions indicate that m-NC is composed 
of micropores whereas the mM-NCs consist of hierarchical micro-, meso-, and macro-porosity. The 
differences in macroporosity in these carbons affected their total pore volumes: 0.61 cm3 g-1 for m-NC, 
1.07 cm3 g-1 for mM-NC-100, and 1.26 cm3 g-1 for mM-NC-200. However, their Brunauer-Emmett-
Teller (BET) surface areas were nearly invariant (1046 m2 g-1 for m-NC, 1035 m2 g-1 for mM-NC-100, 
and 1041 m2 g-1  for mM-NC-200), as micropores primarily contribute to the surface areas. X-ray 
powder diffraction patterns of m-NC and the mM-NCs (Figure 3.6) showed only a broad peak at ~24, 
indicating the complete conversion of crystalline ZIF-8 into amorphous carbons. Thermogravimetric 
analyses of the carbons under O2 revealed that residual Zn was 6.2% for m-NC, 4.7% for mM-NC-100, 
and 5.4% for mM-NC-200, which could be attributed to strong confinement of Zn species within the 
carbon during thermal conversion. Elemental analyses of the carbons indicated that all three contained 
similar amounts of nitrogen (6.18 wt% for m-NC, 6.29 wt% for mM-NC-100, and 6.22 wt% for mM-
NC-200). Deconvoluted N 1s X-ray photoelectron spectroscopy (XPS) spectra (Figure 3.4e) showed 
three peaks centered at approximately 398.5, 401.0, and 403.0 eV, which were assigned to pyridinic 
nitrogen, graphitic nitrogen, and pyridine-N-oxide, respectively. These nitrogen species can enhance 





Figure 3.4. SEM images of (a) m-NC, (b) mM-NC-100, and (c) mM-NC-200. (d) N2 sorption 
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Figure 3.6. XRPD patterns of m-NC, mM-NC-100, and mM-NC-200. 
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Our synthetic approach can be extended to transition-metal-containing mM-NC by exploiting 
cobalt-based ZIF-67 as the precursor. In the pH 2.2 etchant solution with stirring for 6 h, ~300 nm-
sized ZIF-67 crystals were transformed into hollow M-ZIF-67 nanoframes with 200 nm macropores 
and 30 nm walls through the same mechanism as with ZIF-8 (Figures 3.7 and 3.8). With thermolysis 
at 800 C under N2 flow for 1 h, M-ZIF-67 could be converted to Co nanoparticle (NP) embedded, 
hierarchically porous, N-doped carbon, mM-CoNC (Figures 3.9 and 3.10), likely in M-ZIF-8. 
Relatively large framework shrinkage upon thermolysis of ZIF-67 is a well-known phenomenon,43 
which might be attributed to Co atom agglomeration, resulting in the distorted surface. 
 
 
Figure 3.7. SEM images of (a) ZIF-67 and (b) M-ZIF-67. 
 
 


















Figure 3.9. Morphologies and structures of ZIF-67-derived cobalt-doped carbon materials. SEM 
images of (a) m-CoNC and (b) mM-CoNC. TEM images of (c) m-CoNC and (d) mM-CoNC. While 
direct thermolysis of ZIF-67 yields Co NP embedded, microporous, N-doped carbon, m-CoNC, M-





Figure 3.10. XRPD patterns of m-CoNC and mM-CoNC. 
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To verify the structural advantages of the mM-NCs, we compared their adsorption performance 
for large dye molecules to that of m-NC. Dye molecules like rhodamine B (RhB), congo red (CR), and 
methylene blue (MB) are major toxic water pollutants (Figure 3.11).44-46 10 mg of the carbon was used 
to adsorb a 50 mg L-1 aqueous RhB solution, and the dye concentration was monitored by UV-vis 
absorption spectroscopy (λmax(RhB) = 554 nm). mM-NC-200 exhibited a much higher RhB adsorption 
rate and capacity than m-NC (Figures 3.12a and 3.13). The calculated equilibrium adsorption capacity 
of mM-NC-200 for RhB was as high as 216 mg g-1 at a RhB concentration of 50 mg L-1, a 5.5-fold 
increase relative to that of m-NC. The adsorption capacity of mM-NC-200 for RhB reached its 
maximum within 10 min. Moreover, the adsorption of RhB by mM-NC-200 was very fast, with 10 mg 
of mM-NC completely adsorbing RhB from 50 mL of a 10.0 mg L-1 solution within just 2 min (Figure 
3.14). The calculated adsorption rate constant of mM-NC-200 based on the pseudo-second-order 
equation is 0.02 g mg-1 min-1, which is three times higher than that of m-NC (0.007 g mg-1 min-1), 
indicating fast kinetics of mM-NC-200 for RhB adsorption (Figure 3.15a and Table 3.1). The 
adsorption properties of mM-NC-200 and m-NC were extensively investigated for RhB concentrations 
of 10-250 mg L-1 (Figures 3.12b, 3.16, and 3.17). In Figure 3.12b, ce on the X-axis is the equilibrium 
dye concentration of the solution (mg L-1) upon dye adsorption in different dye concentration (c0) 
solutions, and qe on the Y-axis is the amount of dye adsorbed onto the adsorbent (mg g-1) at 
equilibrium. Langmuir model-based fitting of this adsorption isotherm afforded qmax = 397 mg g-1 and 
KL = 0.229 L mg-1 (KL: Langmuir constant related to the binding energy between adsorbents and dye 
molecules) for mM-NC-200, with respective values for m-NC of 45.0 mg g-1 and 0.159 L mg-1 (Figure 
3.15b and Table 3.1). The superior adsorption capacity and kinetics of mM-NC-200 were also 
demonstrated with CR (Figures 3.18-22 and Table 3.2) and MB (Figures 3.23-27 and Table 3.3) 
adsorption experiments. The comparison of adsorption performance parameters, including adsorption 
rate and qmax, of mM-NC-200 with those of previously reported, porous carbon based adsorbents 





















Figure 3.12. (a) Dynamic curves for RhB (50.0 mg L-1) adsorption and (b) isotherms for RhB (10-250 
mg L-1) adsorption on mM-NC-200 and m-NC. Photographs for a (c) carbon thin film and (d) filtration 
assembly. Photographs showing filtration performance of (e) m-NC and (f) mM-NC-200 thin films 

















































Figure 3.13. UV-vis absorption spectra of an aqueous solution of RhB (50.0 mg/L) after dye 




Figure 3.14. UV-vis absorption spectra of an aqueous solution of RhB (10.0 mg/L) after dye 











































































Figure 3.15. (a) t/qt versus t plots derived from Figure 3.12a and fitted using the pseudo-second-order 
model. (b) ce/qe versus ce plots derived from Figure 3.12b and fitted using the Langmuir model. 
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Figure 3.16. UV-vis absorption spectra of various concentrations of RhB aqueous solutions, (a) 100 
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Figure 3.17. UV-vis absorption spectra of various concentrations of RhB aqueous solutions, (a) 100 
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Figure 3.18. (a) Dynamic curves for CR (50.0 mg L-1) adsorption onto mM-NC-200 and m-NC.  (b) 
t/qt versus t plots derived from (a) and fitted using the pseudo-second-order model. (c) Isotherms for 
CR (10-250 mg L-1) adsorption onto mM-NC-200 and m-NC. (d) ce/qe versus ce plots derived from (c) 








































































Figure 3.19. UV-vis absorption spectra of an aqueous solution of CR (50.0 mg/L) after dye 




Figure 3.20. UV-vis absorption spectra of an aqueous solution of CR (10.0 mg/L) after dye 







































































Figure 3.21. UV-vis absorption spectra of various concentrations of CR aqueous solutions, (a) 100 
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Figure 3.22. UV-vis absorption spectra of various concentrations of CR aqueous solutions, (a) 100 
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Figure 3.23. (a) Dynamic curves for MB (50.0 mg L-1) adsorption onto mM-NC-200 and m-NC.  (b) 
t/qt versus t plots derived from (a) and fitted using the pseudo-second-order model. (c) Isotherms for 
MB (10-250 mg L-1) adsorption onto mM-NC-200 and m-NC. (d) ce/qe versus ce plots derived from (c) 






































































Figure 3.24. UV-vis absorption spectra of an aqueous solution of MB (50.0 mg/L) after dye 




Figure 3.25. UV-vis absorption spectra of an aqueous solution of MB (10.0 mg/L) after dye 





































































Figure 3.26. UV-vis absorption spectra of various concentrations of MB aqueous solutions, (a) 100 
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Figure 3.27. UV-vis absorption spectra of various concentrations of MB aqueous solutions, (a) 100 
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m-NC 7.49 39 0.9978 45.0 0.159 0.9977 




















m-NC 6.36 14 0.9992 35.7 0.021 0.9417 




















m-NC 2.04 86 0.9847 140 0.074 0.9872 






Table 3.4. Comparison table of adsorption performance for large dye molecules by porous carbon 
based adsorbents.  
 
Reference Adsorbent Dye Initial adsorption rate  / dye concentration qmax (mg g
-1) 
This work mM-NC-200 
Rhodamine B 199 mg g
-1 (10 min)  
/ 50 mg L-1 397 
Congo red 218 mg g
-1 (10 min)  
/ 50 mg L-1 400 
Methylene blue 238 mg g
-1 (10 min)   





Rhodamine B ~64 mg g
-1 (9 min)   





Rhodamine B ~26 mg g
-1 (10 min)   





Rhodamine B ~45 mg g
-1 (30 min)   




carbon (HPTC) Methylene blue - 331 
Activated HPTC 
[60] Activated carbon Methylene blue ~96 mg g
-1 (60 min)   
/ 100 mg L-1 294 
[61] Carbon nanotube Methylene blue ~14 mg g
-1 (60 min)  
/ 20 mg L-1 46.2 













To practically assess the dye adsorption speed of mM-NC-200, we conducted filtration 
experiments with a syringe filter assembly. The membrane filters were prepared by coating a GH 
polypropylene membrane (diameter 13 mm, pore size 0.45 μm) with a 10 mg m-NC or mM-NC-200 
suspended aqueous solution (Figure 3.12c), which was then assembled into a syringe filter holder 
(Figure 3.12d). Typically, 10 mL of a RhB dye aqueous solution (10 mg L-1) was passed through the 
syringe filter with m-NC and mM-NC-200 thin films (Figures 3.12e and f). Photographs of the filtrate 
solutions clearly show complete adsorption of RhB on the mM-NC-200 film but no visible adsorption 
on the m-NC film. The rapid dye adsorption can be attributed to the presence of macropores and N-
containing species in mM-NC-200. Furthermore, the mM-NC-200 syringe filters could be easily 
regenerated by flowing neat ethanol through them (Figure 3.12g). This feature was also demonstrated 
with CR (Figure 3.28) and MB (Figure 3.29). Recycling and reuse are of great importance for 
adsorbents in practical applications. Therefore, five cycles of adsorption/regeneration were performed 
in RhB, CR, and MB aqueous solutions to study the reusability of mM-NC-200. As can be seen from 
Figures 3.30 and 3.31, the adsorption performance of mM-NC-200 for dyes almost remained after five 
consecutive adsorption/regeneration cycles. It can be concluded that mM-NC-200 has a good 











Figure 3.28. Application of carbon thin films in dye filtration. Filtration performance of (a) m-NC 





Figure 3.29. Application of carbon thin films in dye filtration. Filtration performance of (a) m-NC 
and (b) mM-NC-200 thin films tested using aqueous MB (10 mg L-1). (c) Regeneration of mM-NC-



















Figure 3.30. UV-vis absorption spectra of 250 mg L-1 aqueous dye solutions, (a) RhB, (b) CR, and (c) 




















































































We next explored the electrocatalytic properties of mM-NC-200 and m-NC for the ORR, for 
which porous N-doped carbons have been widely investigated as alternatives to Pt-based catalysts.47-55 
The ORR activities were evaluated using a rotating ring disk electrode in 0.1 M KOH. The 
polarization curves indicate that although mM-NC-200 showed inferior ORR activity than benchmark 
Pt/C catalyst (20 wt% Pt, Johnson-Matthey), it had superior ORR activity of mM-NC-200 relative to 
m-NC (Figure 3.32a and Table 3.5). The half-wave potential of mM-NC-200 was 0.78 V (vs. RHE), 
which is positively shifted by 79 mV relative to that of m-NC. The kinetic current density of mM-NC-
200 at 0.8 V (7.6 mA cm−2) was 14-fold higher than that of m-NC, demonstrating its enhanced ORR 
activity in the kinetic regime. The diffusion-limited current density of mM-NC-200 at 0.3 V (6.0 mA 
cm−2) was also higher than that of m-NC (4.7 mA cm−2), indicating more efficient mass transport by 
virtue of its macropores. The comparison of ORR activity parameters, including half-wave potential 
and diffusion-limited current density, of mM-NC-200 with those of previously reported, MOF-driven 
porous carbons (Table 3.6) reveals that mM-NC-200 shows fairly good ORR activity. The The Tafel 
slope of mM-NC-200 was similar to that of m-NC (Figure 3.33), which suggests that the enhancement 
of ORR activity in mM-NC-200 may originate primarily from an improved mass transport rather than 
a faster charge transfer. The HO2− yields and electron transfer number (n) of mM-NC-200 and m-NC 
(Figure 3.32b) further corroborated better ORR kinetics of mM-NC-200 than m-NC. While mM-NC-
200 exhibited HO2− yields of less <10 % and n value >3.8, which are close to those of Pt/C catalyst, 
m-NC had higher HO2− yields and lower n values in the entire potential range. Given that m-NC and 
mM-NC-200 contained similar amounts of catalytically active pyridinic nitrogen species (Figure 
3.4e),51 the ORR activity enhancement in mM-NC is primarily attributed to the presence of 














Figure 3.32. (a) ORR polarization curves for m-NC, mM-NC-200, and Pt/C. (b) HO2− yields and 
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Table 3.5. Summary of half-wave potentials, kinetic current densities, and diffusion-limited current 






Kinetic current density 




@ 0.3 V 
(mA cm−2) 
m-NC 0.705 0.53 4.7 
mM-NC-200 0.784 7.6 6.0 





Table 3.6. Comparison of ORR activity parameters of mM-NC-200 with previously reported MOF-
derived N-doped carbons. 
 




This work mM-NC-200 0.784 6.0 
[63] NC900 0.66 3.9 
[64] NGPC-1000-10 0.77 4.69 
[65] GNPCSs-800 0.81 6.0 
[66] Carbon L 0.697 4.59 
[67] Zn(elm)2 PTIP 0.78 5.1 
[68] MOFCN-900 0.76 4.2 
[69] NEMC/G 0.822 4.84 
[70] NCNTFs 0.87 5.3 
[71] PNPN-1000 0.76 6.9 
[72] EZIF-C 0.78 6.3 









Overall, unprecedented hollow carbons consisting of adamantane-shaped carbon nanoframes with 
hierarchical micro- and macro-porosity (mM-NCs) were prepared by combining selective etching and 
pseudomorphic thermal conversion of ZIF crystals. Benefiting from the presence of macropores, fully 
utilizable pore surfaces, and nitrogen functional groups, the mM-NC materials showed superior 
adsorption capacity and kinetics for large dye molecules as well as electrocatalytic activity for the 
ORR relative to macropore-free m-NC. We envisage this approach based on understanding 
crystallographic features of MOFs can be extended to carbons and metal/carbon composites with a 
wide variety of structures and morphologies, which are hardly obtainable with conventional methods, 
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Ni2P Nanoparticles Entrapped in 3D Mesoporous Graphene 
 
4.1 Introduction 
Hydrogen is an appealing energy carrier as a future replacement for fossil fuels.1,2 However, hydrogen 
production is currently dominated by the steam reforming of hydrocarbons and the partial oxidation of 
methane, both of which remain highly dependent on fossil fuels.3,4 To realize a hydrogen economy, 
hydrogen production via clean and carbon-neutral methods is necessary. Water electrolysis or splitting 
is considered especially promising for hydrogen production because it offers environmental benignity 
and high product purity.5-8 High-performance catalysts are integral to water electrolysis; thus far, 
platinum is the most efficient catalyst for the hydrogen evolution reaction (HER). However, the high 
cost and scarcity of this precious metal have motivated the development of alternatives such as 
transition metal oxides,9,10 chalcogenides,11-17 and phosphides.18-29 Metal phosphides in particular have 
gained increasing attention for their high HER activity. Typical preparation methods for transition 
metal phosphides (TMPs) include the direct reduction of phosphate in H2,30 solid-state reactions using 
red or white phosphorus,31,32 decomposition of high-boiling-point tri-n-octylphosphine (TOP)33,34 or 
P(SiMe3)3,35,36 and solvothermal or hydrothermal synthesis.37 However, the above methods typically 
yield very large TMP particulates. Although surfactant-mediated syntheses can produce small TMP 
nanoparticles (NPs), a cumbersome surfactant removal step is necessary to generate catalytically 
active clean surfaces. Hence, the surfactant-free synthesis of metal phosphide NPs of less than 10 nm 
in diameter is still a challenge.  
For electrocatalytic applications, interfacing active species with carbon nanomaterials is highly 
useful; the high electrical conductivities and large surface areas of carbons can boost the overall 
catalytic performance.38-40 Conventionally, composites of TMP NPs and carbon are prepared via 
multiple synthetic steps, including the preparation of TMP NPs, synthesis of carbon nanomaterial, and 
dispersion of TMP NPs onto the carbon support.  
Herein, we report a simple preparation route for 3D few-layer graphene encapsulating small (ca. 5 
nm) Ni2P NPs (Ni2P@mesoG), and characterize the use of this composite as an efficient 
electrocatalyst for the HER. The Ni2P@mesoG composite can be prepared simply by the thermal 
decomposition of [Ni2(EDTA)] (EDTA = ethylenediaminetetraacetate) complex, followed by 
phosphidation (Figure 4.1). The design of the Ni2P@mesoG electrocatalyst allows for the generation 
of small NPs, formation of intimate contact between the carbon support and active NPs, and 































4.2. Experimental Methods 
4.2.1 Materials and characterization methods. All chemicals and solvents were of reagent grade 
and used without further purification. Raman spectroscopy measurements were performed using a 
micro-Raman system (WITec) with an excitation energy of 2.41 eV (532 nm). Elemental analyses 
were performed at the UNIST Central Research Facilities Center (UCRF) at Ulsan National Institute 
of Science and Technology (UNIST). X-ray powder diffraction (XRPD) data were recorded on a 
Bruker D2 phaser diffractometer at 30 kV and 10 mA for Cu Kα (λ = 1.54050 Å), with a step size of 
0.02o in 2θ. N2 sorption isotherms of samples were obtained using a BELSORP-max at 77 K. Prior to 
the adsorption measurements, the samples were evacuated (p < 10-5 mbar) at 100 °C for 2 h. The 
specific surface area was determined in the relative pressure range from 0.05 to 0.3 of the Brunauer-
Emmett-Teller (BET) plot, and the total pore volume was calculated from the amount adsorbed at a 
relative pressure of about 0.98-0.99. X-ray photoelectron spectroscopy (XPS) was performed on a K-
alpha from Thermo Fisher. Transmission electron microscopy (TEM) images, high-resolution TEM 
(HR-TEM) images, and energy dispersive X-ray spectrometry (EDS) were obtained using a JEOL 
JEM-2100F microscope. 
 
4.2.2 Preparation of [Ni2(EDTA)]. [Ni2(EDTA)] was synthesized according to a previous report.43 A 
DMF (20 mL) solution of Ni(NO3)2∙6H2O (1.16 g, 4.0 mmol) was added to a DMF (30 mL) solution 
of H4EDTA (0.59 g, 2.0 mmol) and triethylamine (1.5 mL, 10.8 mmol). A precipitate formed soon 
after the two solutions were mixed. The resulting solid was filtered and washed with neat DMF. After 
drying in vacuo at room temperature overnight, blue powder (1.15 g) was obtained. 
 
4.2.3 Synthesis of Ni@mesoG. [Ni2(EDTA)] (0.30 g) was ground into a fine powder and heated at 
10 °C min-1 under a nitrogen flow rate of 500 mL min-1. The material was calcined at 600 °C and 
cooled to room temperature rapidly. 0.10 g of a black powder (Ni@mesoG) was obtained. Anal. 
found for Ni@mesoG: C 32.94, H 0.37, N 1.77, O 2.88. 
 
4.2.4 Phosphidation of Ni@mesoG (300, 400 (Ni2P@mesoG), 500, 600 °C samples). Ni@mesoG 
(0.10 g) and NaH2PO2 (1.0g) were put at two separate positions in an alumina boat and charged into a 
tube furnace with NaH2PO2 at the upstream side of the furnace. The furnace was heated at 2 °C min-1 
under a nitrogen flow rate of 500 mL min-1. After the temperature reached 300, 400, 500, and 600 °C, 
the material was maintained at that temperature for 6 h. After cooling to room temperature rapidly, 
black powder (0.11 g for 300 °C samples, 0.13 g for Ni2P@mesoG, 0.13 g for 500 °C sample, 0.13 g 
for 600 °C sample) was obtained. Anal. found for 300 °C sample: C 27.31, H 0.65, N 1.30, O 10.32. 
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Found for 400 °C sample (Ni2P@mesoG): C 22.86, H 0.53, N 1.00, O 13.03. Found for 500 °C 
sample: C 22.39, H 0.40, N 0.99, O 13.53. Found for 600 °C sample: C 23.88, H 0.47, N 1.02, O 9.25. 
 
4.2.5 Preparation of Ni2P/mesoG. Ni2P nanoparticles supported on mesoG was prepared via 
incipient-wetness impregnation of Ni precursor, followed by hydrogen reduction. Ni(NO3)2∙6H2O 
(3.72 g) was dissolved in 2 mL of acetone. mesoG (450 mg) was mixed with the solution. After being 
dried overnight at 60 °C, the Ni(NO3)2∙6H2O-impregnated mesoG was heated to 600 °C with an 
ramping rate of 1.5 °C min-1 under a 10% H2/N2 atmosphere with an flow rate of 500 mL min-1. After 
cooling to room temperature rapidly, Ni/mesoG was obtained. The Ni/mesoG (0.10 g) and NaH2PO2 
(1.0 g) were put at two separate positions in an alumina boat and charged into a tube furnace with 
NaH2PO2 at the upstream side of the furnace. The furnace was heated at 2 °C min-1 under a nitrogen 
flow rate of 500 mL min-1. After the temperature reached 400 °C, the material was maintained at that 
temperature for 6 h. After cooling to room temperature rapidly, Ni2P/mesoG (0.13 g) was obtained. 
 
4.2.6 Electrochemical measurements. All electrochemical measurements were performed on an 
IviumStat electrochemical analyzer at room temperature under atmospheric pressure using a three-
electrode electrochemical cell. A graphite rod and Ag/AgCl (in saturated KCl solution) were used as 
the counter electrode and reference electrode, respectively. All potentials in this report were converted 
to the reversible hydrogen electrode (RHE) scale. For electrochemical measurement, a rotating ring-
disk electrode (RRDE) containing a glassy carbon (GC) as central disk (4-mm diameter, 0.126 cm2 
area) was used as the working electrode. The RRDE was polished with a 1.0-μm alumina suspension, 
and then with a 0.3-μm suspension to generate a mirror finish before use. Catalyst inks were prepared 
by mixing 30 mg of catalyst with 60 μL of Nafion (5 wt% in isopropanol, Sigma-Aldrich) in a 
solution of 60 μL DI water, 600 μL of EtOH (99.9%), and the mixture was sonicated for 30 min to 
produce homogeneous slurry. Afterwards, 3 μL of the catalyst ink was dropped onto the glassy carbon 
electrode, and dried at 70 C for 5 min. The resulting catalyst loading on GC was 1 mg cm-2. Before 
electrochemical measurements, electrolyte was bubbled with N2 for 20 min. The electrochemical 
impedance spectroscopy (EIS) was measured in a frequency range of 10 kHz to 1 Hz at an 
overpotential of 100 mV. The polarization curves in this paper were plotted after compensating the 
Ohmic drops with Rs (series resistance) values obtained from the EIS measurements. The polarization 
curves for the hydrogen evolution reaction (HER) was conducted from 0.1 V to −0.4 V (vs. RHE) at a 
scan rate of 2 mV s-1 with a rotating speed of 1500 rpm. Chronopotentiometry was conducted by 






4.3 Results and Discussion 
Previously, we reported the synthesis of 3D mesoG by the thermal conversion of a Ni2+ 
coordination compound, [Ni2(EDTA)].43 The heat treatment of [Ni2(EDTA)] at 1000 °C under an inert 
atmosphere produced severely agglomerated Ni metals on the carbon matrix, and the following 
etching process yielded 3D interconnected hollow N-doped graphene shells consisting of 3 – 4 layers 
with small, uniform mesopores of ca. 4 nm, referred to as mesoG (Figure 4.2). In contrast, a mild 
thermolysis at 600 °C produced a composite of Ni NPs encapsulated in 3D mesoG (Ni@mesoG), 
evidenced by transmission electron microscopy (TEM). As shown in Figure 4.3a, the Ni NPs are well-
distributed throughout the mesoG matrix with an average diameter of 5.0 ± 0.4 nm. A high-resolution 
TEM (HR-TEM) micrograph shows that each Ni NP inside the carbon shell is single-crystalline, 
exhibiting lattice fringes separated by 0.20 nm. This distance is coincident with the (111) interplanar 
d-spacing of cubic nickel (JCPDS file no. 71-4655). The X-ray powder diffraction (XRPD) pattern of 
Ni@mesoG (Figure 4.3c) is also indexed as a single-phase cubic Ni0 structure, and the crystallite sizes 
of the Ni NPs determined from the XRPD data are about 5.5 nm, which agrees well with the 
observations from the TEM images. The Ni NPs individually entrapped in the mesoG phase were 
converted to Ni2P NPs upon solid-state phosphidation with NaH2PO2 at 400 °C, producing Ni2P NPs 
entrapped in a graphitic carbon shell (Ni2P@mesoG). The TEM image (Figure 4.3b) shows that the 
3D graphene morphology is well-retained and the size of Ni2P NPs is 6.0 ± 1.4 nm without 
agglomeration after phosphidation. The small increment in the NPs size could result from the increase 
in cell volume by 154 % during the phase conversion from Ni to Ni2P. Furthermore, the HR-TEM 
image of the NPs in the carbon matrix revealed that single-crystalline Ni NP is converted to single-
crystalline Ni2P NP, with a (111) interplanar d-spacing of 0.22 nm that corresponds to hexagonal 
nickel phosphide (Ni2P, JCPDS file no. 89-2742). The complete transformation of Ni@mesoG to 
Ni2P@mesoG is verified by XRPD patterns (Figure 4.3c). The energy-dispersive X-ray spectrometry 
(EDS) mapping images (Figure 4.4) further confirm that both Ni and P elements are uniformly 
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Figure 4.3. (a) TEM and HR-TEM images of Ni@mesoG, (b) TEM and HR-TEM images of 






Figure 4.4. (a) STEM image of Ni2P@mesoG and (b-d) corresponding EDS mapping images for (b) 
nickel, (c) phosphorus, and (d) nitrogen. 
 
To explore the structural and electronic properties of the Ni@mesoG and Ni2P@mesoG, Raman 
spectroscopy was utilized (Figure 4.5a). The D band is related to disordered carbon, while the G band 
is related to graphitic sp2 carbon. The relative intensity ratio of the D and G bands (ID/IG) is generally 
proportional to the number of defects in a graphitic carbon. D and G bands were observed at 1349 and 
1591 cm-1 for Ni@mesoG, and 1346 and 1599 cm-1 for Ni2P@mesoG, respectively. Both composites 
showed the same ID/IG value of 0.98, indicating that the graphitic nature is well-maintained after 
thermal phosphidation. The chemical states of Ni, P, and C in Ni2P@mesoG were substantiated by X-
ray photoelectron spectroscopy (XPS). The Ni 2p3/2 XPS spectrum (Figure 4.5b) indicates the 
formation of Ni–P bonds (853.0 eV) and nickel phosphate (856.6 and 861.0 eV) on the surface of the 
Ni2P with exposure to air. The peaks at 130.0 eV for Ni–P bonds and 134.3 eV for phosphate in the 
spectrum of P 2p3/2 (Figure 4.5c) also shows good agreement with the Ni 2p3/2 spectra. The C 1s XPS 
spectra (Figure 4.5d) exhibits peaks at 284.3, 284.9, and 287.8 eV, attributed to sp2 graphitic carbon, 
sp3 diamond-like carbon, and C=O, respectively. Especially, the peak for sp2 carbon is dominant, 











type IV isotherms with an H3-type hysteresis loop over a relative pressure range of 0.42 < P/P0 < 0.99, 
characteristic of mesoporous materials (Figure 4.6). The porosity of Ni@mesoG provided a high 
Brunauer–Emmett–Teller (BET) surface area of 208 m2•g-1 and large total pore volume of 0.49 cm3•g-




Figure 4.5. (a) Raman spectra of Ni@mesoG and Ni2P@mesoG, (b) Ni 2p3/2 XPS spectra of 
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Figure 4.6. N2 adsorption-desorption isotherms of Ni@mesoG and Ni2P@mesoG. 
 
 
We also prepared Ni2P@mesoG composites at different phosphidation temperatures of 300, 500, 
and 600 °C (Figures 4.7-4.12). The XRPD patterns (Figure 4.7) showed that the composite 
phosphidated at 300 °C contained Ni0 as well as Ni2P phases, indicating insufficient phosphidation. 
Higher-temperature (500 °C and 600 °C) phosphidation generated pure Ni2P, but some Ni2P NPs 
emerged from the graphene shell and agglomerated to form larger particles in these samples (Figure 
4.8). In addition, nitrogen adsorption experiments (Figure 4.9) revealed that decreased BET surface 
areas and pore volumes with increases in the phosphidation temperature (175 m2•g-1 and 0.46 cm3•g-1 
for 300 °C, 125 m2•g-1 and 0.36 cm3•g-1 for 400 °C, 111 m2•g-1 and 0.32 cm3•g-1 for 500 °C, and 47.2 
m2•g-1 and 0.18 cm3•g-1 for 600 °C). Based on these results, the Ni2P@mesoG composite 
































Figure 4.7. XRPD patterns of Ni@mesoG samples phosphidated at 300, 400 (Ni2P@mesoG), 500, 




Figure 4.8. TEM images of Ni@mesoG samples phosphidated at 300, 400 (Ni2P@mesoG), 500, and 
600 oC. 
2 theta / deg.

























Figure 4.9. N2 adsorption-desorption isotherms of Ni@mesoG samples phosphidated at 300, 400 

































































(b) 500 oC Ni-P 




































































































































The electrocatalytic HER activity of the Ni2P@mesoG was investigated in both acidic and 
alkaline media using a three-electrode setup (see details of electrochemical measurements in the 
experimental methods). All polarization curves here were obtained after compensating for the ohmic 
drop (iR) loss arising from the solution resistance. To examine the encapsulation effect of the 
graphitic carbon layers, Ni2P NPs grown on 3D graphene shells (Ni2P/mesoG) were prepared and 
characterized as HER catalysts for comparison. The structure and morphology of the Ni2P/mesoG 
composite were characterized by XRPD and TEM (Figure 4.13). Unlike the Ni2P@mesoG, in which 
the Ni2P NPs were encapsulated by graphitic carbon shells, the Ni2P NPs grown outside the carbon 
layers were severely agglomerated, producing large particles. For comparison, the HER performances 
of mesoG and 20% Pt/C (HiSPEC 3000, Johnson-Matthey) were also tested. The catalyst loading for 




Figure 4.13. (a) TEM image and (b) XRPD pattern of Ni2P/mesoG. 
 
 
Figure 4.14a shows the HER polarization curves in an acidic medium (0.5 M H2SO4). As 
expected, the 20% Pt/C catalysts exhibit the best HER performance with negligible overpotential 
among the compared samples, while mesoG shows only marginal HER activity. Importantly, the 
Ni2P@mesoG exhibits the highest HER performance among the mesoG-based samples, as evidenced 
by the high current density with low overpotential (Figure 4.14a). The overpotential to drive a current 
density of –10 mA•cm-2 is 98 mV for Ni2P@mesoG. By increasing the catalyst loading to 3 mg•cm-2, 
Ni2P@mesoG requires only 79 mV of overpotential to achieve a current density of –10 mA•cm-2 
(Figure 4.15a). In contrast, Ni2P/mesoG requires a relatively larger overpotential (139 mV) to drive 
2 theta / deg.















the same current density (Figure 4.14a). The reaction kinetics is examined with the Tafel slopes, 
extracted from the linear portion of the Tafel plots that are derived from the polarization curves 
(Figure 4.14b). The Tafel slopes of Ni2P@mesoG and Ni2P/mesoG are 56 and 60 mV•dec-1, 
respectively. The relatively smaller Tafel slope of Ni2P@mesoG indicates more favourable reaction 
kinetics during the HER in acidic media. The Tafel slope of 56 mV•dec-1 for Ni2P@mesoG may 
suggest that the HER over this catalyst occurs via the Volmer–Heyrovsky HER mechanism in acid.44 
The charge transfer kinetics during HER is assessed using electrochemical impedance spectroscopy 
(EIS) (Figure 4.14c). The dramatically smaller semicircle in the Nyquist plot of Ni2P@mesoG 
compared to that in the plot of Ni2P/mesoG in acidic media clearly suggests a lower charge transfer 
resistance in Ni2P@mesoG. We extensively compared the HER performance of Ni2P@mesoG with 
previous nickel phosphide based HER catalysts in terms of overpotential and Tafel slopes (Table 4.1). 
The comparison makes the Ni2P@mesoG as one of high-performing HER catalysts. We note that as 
HER activities are highly dependent on the experimental conditions such as catalyst loadings, more 
valid comparison may be made with the data measured under similar experimental conditions. The 
superior HER activity in Ni2P@mesoG is attributed to the synergistic contribution of following 
factors. The formation of small (ca. 5 nm) Ni2P NPs could provide a large active surface area. 
Moreover, the intimate contact between the Ni2P NPs and carbon shells also facilitates electron 
transfer during the HER.38 
Excellent HER performance is also demonstrated by Ni2P@mesoG in an alkaline medium (Figure 
4.14d). The HER activity measured in the basic medium of 1 M KOH reveal that, excepting the Pt/C 
catalyst, the Ni2P@mesoG shows the best HER performance among the compared samples in terms of 
overpotential and Tafel slopes. The overpotentials to drive a current density of –10 mA•cm-2 are 188 
mV and 256 mV for Ni2P@mesoG and Ni2P/mesoG, respectively. The overpotential of Ni2P@mesoG 
to achieve –10 mA•cm-2 could be decreased to 112 mV with higher catalyst loading (3 mg•cm-2) 
(Figure 4.15b). The lower charge transfer resistance in Ni2P@mesoG relative to that in Ni2P/mesoG 
was also observed from the Nyquist plots of the catalysts in the alkaline medium (Figure 4.16a). The 











Figure 4.14. Electrocatalytic HER performances. (a) HER polarization curves in 0.5 M H2SO4. (b) 
Corresponding Tafel plots. The polarization curves and Tafel plots are depicted with and without iR 
correction, respectively. (c) Nyquist plots for the impedance spectra obtained at η = 100 mV (vs RHE) 
in 0.5 M H2SO4. Empty triangles and solid lines represent numerical raw data and fitting results, 
respectively. (d) HER polarization curves in 1 M KOH. 
 
 
Figure 4.15. Polarization curves for Ni2P@mesoG with different catalyst loadings in (a) 0.5 M H2SO4, 
and (b) 1 M KOH. 
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Figure 4.16. (a) Nyquist plots for the impedance spectra obtained at η = 100 mV (vs RHE) in 1 M 
KOH. The empty triangles and the solid lines represent numerical raw data and fitting results, 
respectively. (b) Tafel plots in 1 M KOH. The Tafel plots were depicted with error bar and without 
correction for ohmic drop. 
 
 
Table 4.1. Activity comparison table for HER in acidic media by nickel phosphide based catalysts. η10 
indicates the overpotential required to drive a current density of -10 mA cm-2. 
 
Reference Catalyst Loading (mg cm-2) Electrolyte η10 (mV) 
Tafel slope 
(mV dec-1) 
This work Ni2P@mesoG 
1 0.5 M H2SO4 98 56 
3 0.5 M H2SO4 79 83 
[45] Ni2P NPs/Ti ~1 0.5 M H2SO4 ~118 ~46 
[46] Ni2P NPs 0.38 1 M H2SO4 122 87 
[47] Ni12P5 NPs/Ti 3 0.5 M H2SO4 107 63 
[48] Ni2P/Ti 2 1 M H2SO4 122 60 
[49] NiP2 NS/CC 2.6 0.5 M H2SO4 75 ~51 
[50] Ni5P4 177 1 M H2SO4 23 33 
[51] Ni5P4-Ni2P NS/Ni foam - 0.5 M H2SO4 120 79.1 
[52] Ni2P-G@Ni foam - 0.5 M H2SO4 55 ~30/107 
[53] Ni5P4 1.99 0.5 M H2SO4 118 42 
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Electrochemical durability is critical for the practical applicability of a material. 
Chronopotentiometry (CP) was conducted by maintaining a current density of –10 mAv•cm-2 over 24 
h in acidic media (Figure 4.17a). The Ni2P@mesoG catalyst exhibits high durability, with little decay 
in the HER activity and good morphology maintenance over 24 h of electrolysis. TEM images 
obtained after the CP measurement reveal that the Ni2P remains encapsulated by graphitic carbon 
layers with a small particle size (Figure 4.17b). The stable nature of Ni2P@mesoG indicates the 




Figure 4.17. (a) Chronopotentiometry (CP) curve measured at a current density of –10 mA•cm-2 in 

























In conclusion, we have reported a simple preparation route to the Ni2P@mesoG composite via the 
thermal decomposition of a coordination complex and subsequent phosphidation. Importantly, in the 
Ni2P@mesoG, graphene layers act both as protective and enhancing matrix for catalytically active 
Ni2P NPs, which leads to high electrocatalytic activity and durability for HER in both strong acidic 
and basic media. This simple preparation route should be widely applicable to synthesize the 
composite materials of metal pnictides or metal chalcogenides NPs entrapped in graphitic carbon 



























1. Dresselhaus, M. S.; Thomas, I. L. Nature, 2001, 414, 332. 
2. Chu, S.; Majundar, A. Nature, 2012, 488, 294. 
3. Turner, J. A. Science, 2004, 305, 972. 
4. Palo, D. R. Chem. Rev., 2007, 107, 3392. 
5. Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, Q.; Santori, E. A.; Lewis, N. S. 
Chem. Rev., 2010, 110, 6446. 
6. Joya, K. S.; Joya, Y. F.; Ocakoglu, K.; Krol, R. v. d. Angew. Chem., Int. Ed., 2014, 52, 10426. 
7. Zhao, Y.; Jia, X.; Chen, G.; Shang, L.; Waterhouse, G. I. N.; Wu, L.-Z.; Tung, C.-H.; O’Hare, D.; 
Zhang, T. J. Am. Chem. Soc., 2016, 138, 6517. 
8. Jia, X.; Zhao, Y.; Chen, G.; Shang, L.; Shi, R.; Kang, X.; Waterhouse, G. I. N.; Wu, L.-Z.; Tung, C.-
H.; Zhang, T. Adv. Energy Mater., 2016, 6, 1502585. 
9. Gong, M.; Zhou, W.; Tsai, M.-C.; Zhou, J.; Guan, M.; Lin, M.-C.; Zhang, B.; Hu, Y.; Wang, D.-Y.; 
Yang, J.; Pennycock, S. J.; Hwang, B.-J.; Dai, H. Nat. Commun., 2014, 5, 4695. 
10. Li, Y. H.; Liu, P. F.; Pan, L. F.; Wang, H. F.; Yang, Z. Z.; Zheng, L. R.; Hu, P.; Zhao, H. J.; Gu, L.; 
Yang, H. G. Nat. Commun., 2015, 6, 8064. 
11. Jaramillo, T. F.; Jørgensen, K. P.; Bonde, J.; Nielson, J. H.; Horch, S.; Chorkendorff, I. Science, 
2007, 317, 100. 
12. Li, Y.; Wang, H.; Xie, L.; Liang, Y.; Hong, G.; Dai, H. J. Am. Chem. Soc., 2011, 133, 7296. 
13. Kibsgaard, J.; Chen, Z.; Reinecke, B. N.; Jaramillo, T. F. Nat. Mater., 2012, 11, 963. 
14. Kong, D.; Cha, J. J.; Wang, H.; Lee, H. R.; Cui, Y. Energy Environ. Sci., 2013, 6, 3553. 
15. Seo, B.; Jung, G. Y.; Sa, Y. J.; Jeong, H. Y.; Cheon, J. Y.; Lee, J. H.; Kim, H. Y.; Kim, J. C.; Shin, 
H. S.; Kwak, S. K.; Joo, S. H. ACS nano, 2015, 9, 3728. 
16. Seo, B.; Jeong, H. Y.; Hong, S. Y.; Zak, A.; Joo, S. H. Chem. Commun., 2015, 51, 8334. 
17. Yoon, D.; Seo, B.; Lee, J.; Nam, K. S.; Kim, B.; Park, S.; Baik, H.; Joo, S. H.; Lee, K. Energy 
Environ. Sci., 2016, 9, 850. 
18. Popczun, E. J.; McKone, J. R.; Read, C. G.; Biacchi, A. J.; Wiltrout, A. M.; Lewis, N. S.; Schaak, 
R. E. J. Am. Chem. Soc., 2013, 135, 9267. 
19. Tian, J.; Liu, Q.; Asiri, A. M.; Sun, X. J. Am. Chem. Soc., 2014, 136, 7587. 
20. Liang, Y.; Liu, Q.; Asiri, A. M.; Sun, X.; Luo, Y. ACS Catal., 2014, 4, 4065. 
21. Pu, Z.; Liu, Q.; Asiri, A. M.; Sun, X. Nanoscale, 2014, 6, 11031. 
22. Jiang, P.; Liu, Q.; Sun, X. Nanoscale, 2014, 6, 13440. 
23. Pu, Z.; Liu, Q.; Asiri, A. M.; Sun, X. ACS Appl. Mater. Interfaces, 2014, 6, 21874. 
24. Xing, Z.; Liu, Q.; Asiri, A. M.; Sun, X. ACS Catal., 2015, 5, 145. 
25. Xiao, P.; Chen, W.; Wang, X. Adv. Energy Mater., 2015, 5, 1500985. 
123 
 
26. Wang, X.; Kolen’ko, Y. V.; Bao, X.-Q.; Kovnir, K.; Liu, L. Angew. Chem., Int. Ed., 2015, 54, 8188. 
27. Han, A.; Jin, S.; Chen, H.; Ji, H.; Sun, Z.; Du, P. J. Mater. Chem. A, 2015, 3, 1941. 
28. Seo, B.; Baek, D. S.; Sa, Y. J.; Joo, S. H. CrystEngComm, 2016, 18, 6083. 
29. Tang, C.; Gan, L.; Zhang, R.; Lu, W.; Jiang, X.; Asiri, A. M.; Sun, X.; Wang, J.; Chen, L. Nano 
Lett., 2016, 16, 6617. 
30. Wang, X.; Clark, P.; Oyama, S. T. J. Catal., 2002, 208, 321. 
31. Carenco, S.; Le Goff, X. F.; Shi, J.; Roiban, L.; Ersen, O.; Boissière, C.; Sanchez, C.; Mézailles, N.  
Chem. Mater., 2011, 23, 2270. 
32. Ni, Y.; Jin, L.; Hong, J. Nanoscale, 2011, 3, 196. 
33. Park, J.; Koo, B.; Yoon, K. Y.; Hwang, Y.; Kang, M.; Park, J.-G.; Hyeon, T. J. Am. Chem. Soc., 
2005, 127, 8433. 
34. Muthuswamy, E.; Savithra, G. H. L.; Brock, S. L. ACS nano, 2011, 5, 2402. 
35. Li, L.; Reiss, P. J. Am. Chem. Soc., 2008, 130, 11588. 
36. Ojo, W.-S.; Xu, S.; Delpech, F.; Nayral, C.; Chaudret, B. Angew. Chem., Int. Ed., 2012, 51, 738. 
37. Deng, Y.; Zhou, Y.; Yao, Y.; Wang, J. New J. Chem., 2013, 37, 4083. 
38. Liang, Y.; Li, Y.; Wang, H.; Dai, H. J. Am. Chem. Soc., 2013, 135, 2013. 
39. Huang, X.; Tan, C.; Yin, Z.; Zhang, H. Adv. Mater., 2014, 26, 2185. 
40. Jiao, L.; Zhou, Y.-X.; Jiang, H.-L. Chem. Sci., 2016, 7, 1690. 
41. Tavakkoli, M.; Kallio, T.; Reynaud, O.; Nasibulin, A. G.; Johans, C.; Sainio, J.; Jiang, H.; 
Kauppinen, E. I.; Laasonen, K.; Angew. Chem., Int. Ed., 2015, 54, 4535. 
42. Dang, J.; Ren, P.; Deng, D.; Bao, X. Angew. Chem., Int. Ed., 2015, 54, 2100. 
43. Lee, K. J.; Sa, Y. J.; Jeong, H. Y.; Bielawski, C. W.; Joo, S. H.; Moon, H. R. Chem. Commun., 
2015, 51, 6773. 
44. Sheng, W. C.; Gasteiger, H. A.; Shao-Horn, Y.; J. Electrochem. Soc., 2010, 157, B1529.  
45. Popczun, E. J.; McKone, J. R.; Read, C. G.; Biacchi, A. J.; Wiltrout, A. M.; Lewis, N. S.; Schaak, 
R. E. J. Am. Chem. Soc., 2013, 135, 9267. 
46. Feng, L.; Vrubel, H.; Bensimon, M.; Hu, X. Phys. Chem. Chem. Phys., 2014, 16, 5917.  
47. Huang, Z.; Chen, Z.; Chen, Z.; Lv, C.; Meng, H.; Zhang, C. ACS nano, 2014, 8, 8121. 
48. Pu, Z.; Liu, Z.; Tang, C.; Asiri, A. M.; Sun, X. Nanoscale, 2014, 6, 11031. 
49. Jiang, P.; Liu, Q.; Sun, X. Nanoscale, 2014, 6, 13440. 
50. Laursen, A. B.; Patraju, K. R.; Whitaker, M J.; Retuerto, M.; Sarkar, T.; Yao, N.; Ramanujachary, 
K. V.; Greenblatt, M.; Dismukes, G. C. Energy Environ. Sci., 2015, 8, 1027. 
51. Wang, X.; Kolen’ko, Y. V.; Bao, X.-Q.; Kovnir, K.; Liu, L. Angew. Chem., Int. Ed., 2015, 54, 8188. 
52. Han, A.; Jin, S.; Chen, H.; Ji, H.; Sun, Z.; Du, P. J. Mater. Chem. A, 2015, 3, 1941. 
53. Pan, Y.; Liu, Y.; Zhao, J.; Yang, K.; Liang, J.; Liu, D.; Hu, W.; Liu, D.; Liu, Y.; Liu, C. J. Mater. 





Exploration of Flexible Behaviors and Catalytic Selectivity via Pore 



































Pore Engineering of Metal-Organic Frameworks with Coordinating 
Functionalities 
 
5.1 Pore Engineering of Metal-Organic Frameworks 
Metal-organic frameworks (MOFs) are crystalline porous materials which have emerged as a 
promising class of porous materials due to their excellent properties, including chemical constituents, 
structural diversity, high surface area and pore volume with low density.1-3 Porous materials allow 
mass transfer from the exterior to inside the pore. Thus, pore engineering is demonstrated to be an 
efficient way to design and prepare active materials for more powerful and broader applications. In 
the beginning, general porous materials such as zeolites, porous silica, and porous carbons are 
interested as substrates for incorporating functionalities. While some success has been achieved by 
combining the active sites and the porous materials via “ship-in-a-bottle” or grafting techniques, the 
results are still limited due to their restricted pore structures and functionalities. In contrast to other 
porous materials, since MOFs are mainly constructed with metal ions/clusters and organic ligands, 
each component can be easily decorated with various types of functionalities. The introduction of 
these versatile constituents leads engineering of MOF pores with functionalities and brings a great 
deal of opportunities for the development of new porous material with characteristic features for the 
widespread applications, including guest adsorption and separation, drug delivery, sensing, catalysis, 
and proton conductivity.4-8 
The wide versatility in the design and engineering of MOFs with functional groups has been 
intensively studied and introducing methods of functional groups in MOFs fall into two broad 
categories; direct synthesis using pre-functionalized ligands or metal clusters and post-synthetic 
modification (PSM) from non-targeted functionality in the solid state manner. For the former method, 
target group-functionalized aromatic ligands can be selected for MOF synthesis and macrocyclic 
metal complexes also can be the proper building blocks for direct MOF synthesis.9 The latter, PSM is 
a very facile method to compensate for the limitations of direct synthesis, where pre-functionalized 
moieties are likely to participate in coordination or decomposition under MOF synthesis conditions.10-
12 
In this regard, many MOF researchers have made a number of strategic efforts to engineer MOF 
pores using functional groups. For example, protecting groups were introduced to prevent functional 
groups of pre-functionalized precursors from being directly coordinated during MOF synthesis. 
Efforts to change the harsh PSM conditions to mild or using Zr-based MOFs that can withstand in 
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harsh environments were also introduced.13 As follows, when MOF pores are engineered into 
functional groups, they cannot be introduced obstinately and systematic strategies are needed.  
Meanwhile, as a strategy for engineering MOF pores with functionalities, there is a method of 
introducing functional groups into metal precursors before MOF synthesis. A representative example 
of this approach is to introduce azamacrocyclic complex as a metal building block, which have been 
actively studied by Suh and Moon groups.14-23 The azamacrocyclic metal complex is synthesized in 
one-pot, and various functional groups can be introduced into at the ends of both arms depending on 
the using amine types during synthesis. In this PART II, I will cover pore engineering of MOFs based 




























5.2 Tuning of the Flexible Behaviors 
Flexible MOFs have proved their tremendous potentials for a variety of applications such as 
adsorption, separation, sensing, catalysis, and biomedical usage, and thus, MOF chemists have been 
devoting their efforts to establish fundamental principles that facilitate synthesizing flexible MOFs 
and tuning flexibility of MOFs.  
In 2010, Fischer et al. developed [Zn2(L1)2(dabco)]n (L1 = 2,5-bis(2-methoxyethoxy)-1,4-
benzenedicarboxylate) featuring dangling alkoxy groups, which showed remarkable framework 
flexibility through reversible structural transitions between the lp and np phases upon guest 
release/adsorption (Figures 5.1a-c).24 Based on this result, as a consecutive study, Fischer et al. 
prepared a library of similarly functionalised bdc-type linkers bearing various alkoxy groups of 
varying chain lengths with diverse functionalities and polarities (Figure 5.1c).25 Using them, the 
respective pillared layered MOFs with the general formula, [Zn2(LX)2(dabco)]n (X = 1−9) were 
prepared. As revealed by the powder XRD data in Figure 5.1d, all the sample represent a significant 
structural change, except for the case of 7. Further, indexing of the XRD data reveals the extent to 
which the framework shrunk during the guest removal (Figure 5.1e). The chain length effect is 
confirmed by comparing 3, 4, 6, and 7. The longer the introduced alkyl chain is, the lesser the 
structural contraction is. Thus, no contraction was observed for the compound with the longest chain 
(7). The reason for this exception is, (i) the interactions between the adjacent side chains are strong 
enough to retain the lp phase or (ii) the pore-filling effect restricts space contraction. The substitution 
pattern (1 and 2; same functional group but different positions) also significantly impacts the 
breathing behaviour, which was recognised based on different XRD patterns of the dried structures 
and different gas adsorption behaviours. Comparison between 1 and 6 indicates a slight difference in 
the volume contraction (15 and 14%, respectively), implying the existent but non-critical influence of 
the polarity of the substituents. In addition, based on the significant differences in the degree of 
structural contraction between 4, 8, and 9, it can be inferred that more saturated side chains increased 
the magnitude of the framework contraction (20, 22, and 28% for 4, 8, and 9, respectively), which can 









Figure 5.1. (a) Schematic representation of pillared layered MOFs with functionalised linkers and (b) 
phase transition between the lp and np forms. (c) Library of available linkers bearing a variety of 
alkoxy groups. (d) Comparison of the powder XRD patterns of the as-synthesised (black line) and 
dried (red line) compounds. The blue arrow indicates the peak shift from a lower angle to a higher one. 
(e) Comparison of the percentage contraction in the unit cell volume, as evaluated by the powder 
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The Fischer’s group utilised [M2(L1)2(dabco)]n (M = Zn, Co, Ni, or Cu; hereafter designated as 
1(M)) to identify the different phase transition mechanisms depending on the kind of the metal 
center.26 In the CO2 adsorption/desorption isotherms obtained at 195 K (Figure 5.2a), all the MOFs 
exhibit significant CO2 uptake with a significant hysteresis. However, unlike the distinctly stepped 
isotherms of 1(Zn) and 1(Cu), 1(Ni) and 1(Co) display a smooth increase in uptake over a wide range 
of pressure. A combination of isothermal gas sorption and in-situ powder XRD measurement support 
these behaviours. During CO2 adsorption, 1(Zn) and 1(Cu) transit through distinct narrow, 
intermediate, and large pore phases (np → ip → lp, Figure 5.2b), while 1(Ni) and 1(Co) gradually 
swell from the np phase to the lp one (Figure 5.2c). In addition, the magnitude of pore contraction via 
the lp → np transition follows the sequence, 1(Co) ≈ 1(Zn) > 1(Ni) > 1(Cu). The authors attributed 
this tendency to the different electronic structures of the metal centers. For example, since a distortion 
of the coordination environment of the metal ion is more tolerable for the closed-shell Zn2+ (3d10) than 
the open-shell Cu2+ (3d9), the np phase of 1(Zn) contracted more than that of 1(Cu). 
 
 
Figure 5.2. (a) CO2 adsorption/desorption isotherms acquired at 195 K. Schematic representations of 












In 2011, Serre et al. prepared a series of MIL-88B and MIL-88D built from the linkers modified 
with various kinds of functional groups such as Cl, Br, CH3, NH2, NO2, F, CF3, and OH onto the 
phenyl rings, to control their swelling or breathing behaviors.27 As shown in Figure 5.3, they proved 
profoundly different breathing properties depending on the number of functional groups per phenyl 
rings, which is related to a steric effect. Surprisingly, for a tetramethyl analogue, there is almost no 
change in the unit cell volume without the structural transition from the open to dried form. On the 
other hand, when two OH groups are attached to MIL-88B, strong hydrogen bonds between the OH 
groups and the linkers contracts the cages more, and thus, decreased the magnitude of swelling. In 
other words, a decrease in the amplitude of breathing is proportional to the size of a functional group 
and the number of those groups, given steric hindrance. Meanwhile, Trens et al. further demonstrated 
this strategy that introduces various kinds of functional groups can significantly affect the adsorption 
properties, based on the adsorption of nonpolar n-alkane vapors by using the above MIL-88 series.28 
 
 
Figure 5.3. View along the c axis of the structural change of the ligand-modified MIL-88B and D as a 





MOFs based on Zr6 nodes are distinguished by their excellent thermal and chemical stability 
attributed to the high charge and strong oxophilicity of the Zr4+.29 However, building a flexible MOF 
from the Zr6 nodes is very challenging because their high connectivity reduces the degrees of freedom 
(i.e., leads to a rigid framework). From this viewpoint, very recently, Farha et al. synthesised a 
flexible Zr-MOF referred to as NU-1400 by tuning the Zr6 node to be 4-connected.30 In fact, the Zr6 
nodes can have various possible connectivities (12-, 10-, 8-, 6-, and 4-connected; Figure 5.4a),31-35 and 
flexible MOFs based on 8-connected Zr6 nodes have been previously reported by employing long and 
bendable/rotatable linkers (e.g., NU-1105, MFM-133, and NPF-300).36-38 As revealed by single-
crystal XRD analysis, NU-1400 is constructed from 4-connected Zr6 nodes and [1,1′:4′,1″]-terphenyl-
3,3″,5,5″-tetracarboxylate (TPTC) linkers with diamond-shaped channels along the a axis (Figure 
5.4b). Notably, the activation of the as-synthesised NU-1400 results in 51% decrease in the c axis 
dimension and 43% decrease in the unit cell volume. Since the node and linker are considered to be 
rigid, the structural flexibility is endowed by the hinge-like motion between the two rigid components 
(Figure 5.4c). The specific movements flexing the framework are the bending of the carboxylate 
groups and the simultaneous twisting of the carboxylate oxygen atoms. Moreover, the degree of pore 
contraction or expansion of this MOF could be controlled in accordance with the guest solvent 
molecules such as water and ethanol, which led to its size-selective reactivity as a catalyst in the 
hydrolysis of a nerve-agent simulant. 
 
 
Figure 5.4. (a) Possible connectivities of Zr6 nodes. (b) Synthesis and crystal structure of NU-1400 













Metal macrocyclic complexes with axial coordination sites can behave as linear linkers between 
carboxylate ligands, and the pendant arms appended to the macrocycle may provide additional 
interaction sites or structural dynamics. In this sense, in 2016, our group reported a Ni(II) macrocycle-
based flexible MOF (Figure 5.5a and b; {[(NiLpropyl)2(BPTC)]•4DMF•2H2O}n; where [NiLpropyl] = 
Ni(II)-1,3,5,8,10,12-hexaazacyclotetradecane-3,10-dipropyl; BPTC = 2,2’,5,5’-
biphenyltetracarboxylate).39 Both the building units inherently possess a high degree of structural 
transformability. A Ni(II) macrocyclic complex can rotate freely owing to its linear connectivity to the 
carboxylate linkers, and two bulky propyl arms can act as a molecular gate. Moreover, the BPTC 
ligand has many rotational sites. For CO2 adsorption, the MOF exhibits stepwise adsorption with the 
vertical uptake pressure of 0.18, 7.8, and 15.0 bar at the measurement temperature of 196, 273, and 
298 K, respectively. Through XRD analysis, this MOF is shown to undergo drastic structural 
transition between a closed-pore (cp) form and an open-pore (op) form, along with gate-opening and 
breathing phenomena upon CO2 adsorption (Figure 5.5c and d). Between the two phases, a drastic 
difference in the cell volume is also observed (7168 Å3 versus 5096 Å3 for op and cp, respectively). In 
view of gate-opening, only two macrocycles rotate to open the pores amongst four 
crystallographically independent macrocycles, thereby changing the position of the secondary amine 
that forms the hydrogen bond (Figure 5.5c, insets). Simultaneously, the rectangular dimension 
increases from 9.19 × 20.78 Å2 to 12.00 × 29.79 Å2 during cp → op, thus indicating the breathing 
effect (Figure 5.5d). 
 
 
Figure 5.5. (a) Metal and organic building units and (b) their connectivity in as-synthesised 
{[(NiLpropyl)2(BPTC)]•4DMF•2H2O}n. Comparison of the crystal structures of the cp and op phases 







5.3 Organization of PART II 
The main theme of PART II is exploration of flexible behaviors and catalytic selectivity via pore 
engineering of MOFs. Chapter 5 describes a brief introduction and previous study of pore engineering 
of MOF pores with functionalities and tuning of the flexible behavior in MOFs focus on my works in 
a period of doctoral course. In chapter 6, I demonstrate the tuning of the flexibility in MOFs based on 
metal macrocyclic complexes in accordance with pendant arm functionalities such as nitrile, hydroxyl, 
and allyl groups. Very recently, the data of chapter 6 accepted in the Chemical Communications. 
Chapter 7 gives an account of the synthesis of heterogeneous catalysts having flexible behaviors 
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The design and syntheses of metal-organic frameworks (MOFs) begin with the selection of the metal 
nodes and bridging organic ligands.1-3 Types of metal and organic building blocks and the nature of 
their assembly determine the geometry and structure of the MOFs. Often, they allow a high degree of 
flexibility, resulting in so-called ‘flexible MOFs’ or ‘soft porous crystals’.4-5 Flexible MOFs can 
reversibly change their form upon the action of external stimuli, owing to the intermolecular degrees 
of freedom in their components and thus, have tremendous potentials in applications such as 
adsorption, separation, sensing, catalysis, and biomedical usage.6-14 Accordingly, researchers studying 
MOFs have been devoting considerable efforts to establish the fundamental principles that facilitate 
the syntheses of flexible MOFs. For instance, the O–O axis of a carboxylate group endows significant 
breathing effect in MIL-53 and MIL-88 by acting as a kneecap.15,16 Farha et al. recently reported a 
flexible MOF, NU-1400, based on four connected Zr6 nodes, which afforded degrees of freedom by 
reducing the connectivity, compared with rigid NU-1000 and NU-901 having eight connected Zr6 
nodes.17-19  
However, strategies for the incorporation of selective switching in flexible MOFs, as demanded 
by the applications based on the flexibility, are still elusive and serendipitous. Hence, designing and 
controlling the flexibility in these materials are essential and yet, a challenging issue. Several 
strategies have been demonstrated in order to tune the structural dynamics and responsiveness of the 
MOFs such as crystal size adjustment, metal substitution, and linker functionalization with various 
functional groups or flexible side chains.20-25 
Macrocycle-based MOFs have been reported as a subclass of MOFs; in particular, aza-
macrocyclic complexes with square planar geometry can act as a linear linker, providing axial sites 
for carboxylate ligands.26-29 Furthermore, various types of functional groups can be easily introduced 
into the pores during the synthesis, by using macrocyclic moieties such as the 1,3,6,8,10,13-
hexaazacyclotetradecane Ni(II) complex with pendant arms at 1 and 8 positions.30 Previously, we 
reported a flexible MOF based on the Ni(II) macrocycle having two propyl arms that behaved as a 
molecular gate.31 Experimental and theoretical studies found that CO2 molecules mainly interacted 
with the propyl pendant arms to induce the gate-opening and breathing phenomena. Based on this, we 
postulated that such an MOF can be an excellent platform for easily securing different functional 
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groups in the pendant arm macrocycles, which would render them different structural dynamics. Thus, 
we introduced nitrile, hydroxyl, and allyl pendant arms in Ni(II) macrocycles in this study and 
successfully synthesised three isostructural flexible MOFs, flexMOF(CN), flexMOF(OH), and 
flexMOF(CH2) (Figure 6.1). Upon types of the guest molecules such as CO2 and water, these MOFs 
showed distinguishable flexible behaviours, which were examined by sorption isotherms, in situ X-




Figure 6.1. (a) Square planar Ni(II) macrocycles with different pendant arms as metal building blocks 
and H4BPTC as an organic building block. (b) Representation of the linear connectivity between two 





























6.2 Experimental Methods 
6.2.1 Materials and characterization methods. All chemicals and solvents used in the syntheses 
were of reagent grade and they were used without further purification. 2,2’,5,5’-tetramethylbiphenyl, 
98% bought from Alfa Aesar and 2,2',5,5'-biphenyltetracarboxylic acid (H4BPTC) was prepared 
according to the method previously reported.32 [Ni(C14H28N8)]Cl2 ([NiLCN]Cl2) and 
[Ni(C12H30N6O2)](ClO4)2 ([NiLOH](ClO4)2) were prepared by the reported methods with a 
modification.30 And these were recrystallized from MeOH/H2O mixture and H2O solvent  by heating, 
respectively. Infrared spectra were measured by a Thermo Fisher Scientific Nicolet 6700 FT-IR 
spectrometer. X-ray powder diffraction (XRPD) data were recorded on a Bruker D2 phaser 
diffractometer at 30 kV and 10 mA for Cu Kα (λ = 1.54050 Å), with a step size of 0.02º in 2θ. N2, 
CO2, H2O sorption isotherms of samples were obtained using a BELSORP-max at 77 K, 196 K, and 
298 K, respectively. Prior to the adsorption measurements, the samples were evacuated (p < 10-5 mbar) 
at RT for 24 h and then 110 °C for 4 h. Thermogravimetric analysis (TGA) were performed under 
N2(g) atmosphere at a scan rate of 5 oC/min using Q50 from TA instruments. Elemental analyses were 
done by UNIST Central Research Facilities center (UCRF) in Ulsan National Institute of Science and 
Technology (UNIST). 
 
6.2.2 Synthesis of {[(NiLCN)2(BPTC)]∙4DMF∙2H2O} (as-flexMOF(CN)). [NiLCN]Cl2 (0.062 g, 0.035 
mmol) and H4BPTC (0.024 g, 0.070 mmol) were dissolved in mixture solution of N,N-
dimethylformamide (DMF) and H2O with volume ratio of 1.5 mL:1.5 mL and 2 mL:1 mL with TEA 
80 μL respectively. The solution of H4BPTC was added to the [NiLCN]Cl2 solution, mixed two 
solutions by voltex mixer, and allowed to stand at refrigerator for 7 days. Yield: ~23.5%. Anal. Calcd 
for Ni2C56H94N20O14: C, 48.43; H, 6.82; N, 20.17.; Found: C, 48.44; H, 6.73; N, 20.10. FT-IR for as-
flexMOF(CN) (ATR): νC≡N 2246, νN-H(secondary amine) 3154, νC-H 2926, 2869, νCOO- 1572, 1381 cm-1. 
 
6.2.3 Preparation of activated flexMOF(CN) (cp-flexMOF(CN)). To activate as-flexMOF(CN), 
the guest molecules were exchanged. The mother liquor containing crystals of as-synthesized as-
flexMOF(CN) was decanted carefully by pipette, and the crystals were re-immersed in distilled 
MeCN for 3 days with refreshing the solvent 6 times. Then, the crystals were filtered and evacuated at 
RT for 24 h, and then 110 oC for 4 h under vacuum. Then, cooled the sample and refilled the gas with 
Ar. 
 
6.2.4 Synthesis of {[(NiLOH)2(BPTC)]∙1DMF∙3H2O} (as-flexMOF(OH)). [NiLOH](ClO4)2 (0.064 g, 
0.014 mmol) and H4BPTC (0.024 g, 0.070 mmol) were dissolved in mixture solution of N,N-
dimethylformamide (DMF) and H2O with volume ratio of 1.5 mL:1.5 mL and 2 mL:1 mL with TEA 
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80 μL respectively. The solution of H4BPTC was added to the [NiLOH](ClO4)2 solution, mixed two 
solutions by voltex mixer, and allowed to stand at refrigerator for 7 days. Yield: ~32%. Anal. Calcd 
for Ni2C43H79N13O16: C, 44.85; H, 6.91; N, 15.81.; Found: C, 44.64; H, 6.94; N, 15.88. FT-IR for as-
flexMOF(OH) (ATR): νO-H 3434, νN-H(secondary amine) 3154, νC-H 2926, 2869, νCOO- 1571, 1354 cm-1. 
 
6.2.5 Preparation of activated flexMOF(OH) (cp-flexMOF(OH)). To activate as-flexMOF(OH), 
the guest molecules were exchanged. The mother liquor containing crystals of as-synthesized as-
flexMOF(OH) was decanted carefully by pipette, and the crystals were re-immersed in distilled THF 
for 3 days with refreshing the solvent 6 times. Then, the crystals were filtered and evacuated at RT for 
24 h, and then 110 oC for 4 h under vacuum. Then, cooled the sample and refilled the gas with Ar. 
 
6.2.6 Synthesis of {[(NiLCH2)2(BPTC)]∙1MeCN∙5H2O} (as-flexMOF(CH2)). [NiLCH2](ClO4)2 (0.078 
g, 0.035 mmol) and H4BPTC (0.024 g, 0.070 mmol) were dissolved in mixture solution of acetonitrile 
(MeCN) and H2O with volume ratio of 2 mL:1 mL and 2 mL:1 mL with TEA 80 μL respectively. The 
solution of H4BPTC was added to the [NiLCH2](ClO4)2 solution, mixed two solutions by voltex mixer, 
and allowed to stand at room temperature for 7 days. Yield: ~40%. Anal. Calcd for Ni2C46H79N13O13: 
C, 48.48; H, 6.99; N, 15.98.; Found: C, 48.48; H, 6.24; N, 16.01. FT-IR for as-flexMOF(CH2) (ATR): 
νN-H(secondary amine) 3139, νC-H 2914, 2862, νCOO- 1571, 1343 cm-1. 
 
6.2.7 Preparation of activated flexMOF(OH) (cp-flexMOF(CH2)). To activate as-flexMOF(CH2), 
the guest molecules were exchanged. The mother liquor containing crystals of as-synthesized as-
flexMOF(CH2) was decanted carefully by pipette, and the crystals were re-immersed in distilled 
MeCN for 3 days with refreshing the solvent 6 times. Then, the crystals were filtered and evacuated at 
RT for 24 h, and then 110 oC for 4 h under vacuum. Then, cooled the sample and refilled the gas with 
Ar. 
 
6.2.8 Synchrotron X-ray Powder Diffraction (XRPD) measurement. The diffraction data were 
measured with transmission-mode as Debye-Scherrer Pattern with the 100 mm of sample-to-detector 
distance in 40 s exposure on a Rayonix MX225HS CCS detector at BL2D SMC with a silicon (111) 
double crystal monochromator (DCM) at the Pohang Accelerator Laboratory, Korea. In-situ variable 
pressure XRPD was measured with a custom-made vacuum manifold and goinometer head. The PAL 
BL2D-SMDC program33 was used for data collection, and the Fit2D34 program was used for 
conversion of integrated 2D to 1D patterns, for wavelength and detector distance refinement and for a 
calibration measurement of a NIST Si 640c standard sample. 
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6.2.9 In-situ synchrotron XRPD experiment. The XRPD patterns of flexMOF(CN),  
flexMOF(OH), and flexMOF(CH2) were collected at 195 K with synchrotron radiation (λ = 1.20000 
Å). The carbon dioxide gas was extra-high purity quality (DAEHAN Gas Company, Korea, 99.999%). 
To prepare the XPRD samples, the activated samples, cp-flexMOF(CN), cp-flexMOF(OH), and cp-
flexMOF(CH2) were ground and packed into capillary (diameter, 0.3 mm; wall thickness, 0.01 mm) 
under Ar atmosphere in glove box. Prior to data collection sample was outgassed at 383 K under a 
primary vacuum until it did not reveal any significant the shift of XRPD pattern. Then the sample was 
cooled to 196 K by using a cryostream under vacuum. To observe the structural transformation 
induced by adsorbing CO2 gas, the diffraction patterns were measured with applying various pressure 
of CO2 gas to capillary at 196 K. The XRPD patterns during adsorption of CO2 were sequentially 
collected at 0, 0.20, 0.40, 0.60, 0.80, and 0.98 atm, and for desorption measurement at 0.80, 0.60, 0.40, 
0.20, and 0 atm by using fine adjustable manual needle valve. After 20 min from applying each 
pressure to the sample, the patterns were collected during adsorption measurement. 
 
6.2.10 Single-Crystal X-ray crystallography. Single-crystals were coated with Parabar 10312 
(Hampton Research Inc.) to mount micro-loop. The diffraction data measured using synchrotron 
employing a PLSII-2D SMC an ADSC Quantum-210 detector with a silicon (111) double crystal 
monochromator (DCM) at Pohang Accelerator Laboratory, Korea. The PAL BL2D-SMDC program35 
was used for both data collection, and HKL3000sm (Ver. 730r)36 was used for cell refinement, 
reduction and absorption correction. The crystal structures were solved by direct methods with 
SHELX-XS (Ver. 2013/1)37 for the as-synthesized crystals and were solved by the intrinsic phasing 
method with SHELX-XT (Ver. 2018/2)38 for the dried crystals, and refined by full-matrix least-
squares calculation with SHELX-XL (Ver. 2018/3) program package.39 All non-hydrogen atoms in 
whole structures were refined anisotropically. The final refinements were performed for crystals with 
the modification of the structure factors for the contribution of the disordered solvent electron 
densities using the SQUEEZE routine of PLATON.40 A summary of the crystals and some 
crystallographic data are given in Tables 6.1 – 6.9. CCDC 1898507 (as-flexMOF(CN)), 1898504 (cp-
flexMOF(CN)), 1898506 (as-flexMOF(OH)), 1898505 (cp-flexMOF(OH)), 1908259 (as-
flexMOF(CH2)), and 1908261 (cp-flexMOF(CH2)) contain the supplementary crystallographic data 
for this paper. The data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html 






Table 6.1. X-ray crystallographic data of as-flexMOF(CN) and cp-flexMOF(CN). 
 
Compound as-flexMOF(CN) cp-flexMOF(CN) 
formula Ni2C44H62N16O8 Ni4C88H124N32O16 
crystal system Monoclinic Triclinic 
space group C2/c P-1 
fw 1060.51 2121.02 
a, Å 21.799(4) 10.063(2) 
b, Å 25.727(5) 15.927(3) 
c, Å 15.630(3) 16.581(3) 
α, deg 90 86.837(8) 
β, deg 93.86(3) 74.753(5) 
γ, deg 90 78.205(9) 
V, Å3 8746(3) 2509.8(8) 
Z 4 1 
calcd, g cm-3 0.805 1.403 
temp , K 220(2) 100(2) 
, Å 0.700 0.700 
, mm-1 0.449 0.782 
goodness-of-fit (F2) 1.097 0.977 
F(000) 2232 1116 
reflections collected 35918 16553 
independent reflections 9987 [R(int) = 0.0633] 8602 [R(int) = 0.0677] 
completeness to max, % 99.8% 93.2% 
data/restraints/parameters 9987 / 6 / 319 8602 / 599 / 637 
 range for data collection, 
d
1.718 to 26.999 1.795 to 25.000 
diffraction limits (h, k, l) -28≤h≤28, -33≤k≤33,-20≤l≤20 -12≤h≤12, -18≤k≤18,-20≤l≤20 
refinement method Full-matrix least-squares on F2 
R1, wR2 [I>2(I)] R1 = 0.0515
a, wR2 = 0.1618b R1 = 0.0723a, wR2 = 0.1769b 
R1, wR2 (all data) R1 = 0.0649a, wR2 = 0.1676b R1 = 0.1338a, wR2 = 0.2083b 









. bwR(F2) = [	w(Fo2- Fc2)2/	w(Fo2)2]½ where w = 1/[2(Fo2) + (0.0956P)2+ 
(0.0000)P] for as-flexMOF(CN), and w = 1/[2(Fo2) + (0.1179P)2+ (0.0000)P] for cp-flexMOF(CN), 




Table 6.2. Selected bond distances [Å] and angles [o] of as-flexMOF(CN). 
 
Ni(1)-N(1)#1  2.0507(18) Ni(2)-N(5)#2  2.0550(19) 
Ni(1)-N(1)  2.0507(18) Ni(2)-N(5)  2.0550(19) 
Ni(1)-N(3)#1  2.0644(19) Ni(2)-N(7)  2.056(2) 
Ni(1)-N(3)  2.0645(19) Ni(2)-N(7)#2  2.056(2) 
Ni(1)-O(1)#1  2.1143(13) Ni(2)-O(3)  2.1148(14) 
Ni(1)-O(1)  2.1143(13) Ni(2)-O(3)#2  2.1148(14) 
    
N(1)#1-Ni(1)-N(1) 180.0 N(5)-Ni(2)-O(3) 92.71(7) 
N(1)#1-Ni(1)-N(3)#1 94.21(8) N(7)-Ni(2)-O(3) 90.53(7) 
N(1)-Ni(1)-N(3)#1 85.79(8) N(7)#2-Ni(2)-O(3) 89.47(7) 
N(1)#1-Ni(1)-N(3) 85.79(8) N(5)#2-Ni(2)-O(3)#2 92.71(7) 
N(1)-Ni(1)-N(3) 94.21(8) N(5)-Ni(2)-O(3)#2 87.29(7) 
N(3)#1-Ni(1)-N(3) 180.0 N(7)-Ni(2)-O(3)#2 89.47(7) 
N(1)#1-Ni(1)-O(1)#1 92.47(6) N(7)#2-Ni(2)-O(3)#2 90.53(7) 
N(1)-Ni(1)-O(1)#1 87.52(6) O(3)-Ni(2)-O(3)#2 180.0 
N(3)#1-Ni(1)-O(1)#1 86.50(7) C(15)-O(1)-Ni(1) 135.76(13) 
N(3)-Ni(1)-O(1)#1 93.50(7) C(22)-O(3)-Ni(2) 133.11(15) 
N(1)#1-Ni(1)-O(1) 87.53(6) C(1)-N(1)-Ni(1) 105.72(14) 
N(1)-Ni(1)-O(1) 92.47(6) C(2)-N(1)-Ni(1) 112.64(13) 
N(3)#1-Ni(1)-O(1) 93.50(7) Ni(1)-N(1)-H(1) 108.3 
N(3)-Ni(1)-O(1) 86.51(7) C(4)-N(3)-Ni(1) 106.36(14) 
O(1)#1-Ni(1)-O(1) 180.0 C(3)-N(3)-Ni(1) 113.62(15) 
N(5)#2-Ni(2)-N(5) 180.0 Ni(1)-N(3)-H(3) 107.4 
N(5)#2-Ni(2)-N(7) 85.27(9) C(8)-N(5)-Ni(2) 106.52(17) 
N(5)-Ni(2)-N(7) 94.73(9) C(9)-N(5)-Ni(2) 114.92(16) 
N(5)#2-Ni(2)-N(7)#2 94.73(9) Ni(2)-N(5)-H(5) 106.6 
N(5)-Ni(2)-N(7)#2 85.27(9) C(11)-N(7)-Ni(2) 105.52(17) 
N(7)-Ni(2)-N(7)#2 180.0 C(10)-N(7)-Ni(2) 113.08(16) 
N(5)#2-Ni(2)-O(3) 87.29(7) Ni(2)-N(7)-H(7) 108.0 
Symmetry transformations used to generate equivalent atoms:  













Table 6.3. Selected bond distances [Å] and angles [o] of cp-flexMOF(CN). 
 
Ni(1)-N(1) 2.043(4) Ni(3)-N(10) 2.045(5) 
Ni(1)-N(1)#1 2.043(4) Ni(3)-N(10)#3 2.045(5) 
Ni(1)-N(2) 2.043(5) Ni(3)-N(9) 2.055(5) 
Ni(1)-N(2)#1 2.043(5) Ni(3)-N(9)#3 2.055(5) 
Ni(1)-O(2)#1 2.180(4) Ni(3)-O(6)#3  2.152(4) 
Ni(1)-O(2) 2.180(4) Ni(3)-O(6)  2.152(4) 
Ni(2)-N(6)#2 2.055(5) Ni(4)-N(13)  2.019(5) 
Ni(2)-N(6) 2.055(5) Ni(4)-N(13)#4  2.019(5) 
Ni(2)-N(5) 2.072(6) Ni(4)-N(14)  2.062(6) 
Ni(2)-N(5)#2  2.072(6) Ni(4)-N(14)#4  2.062(6) 
Ni(2)-O(4) 2.129(4) Ni(4)-O(8)  2.201(4) 
Ni(2)-O(4)#2 2.129(4) Ni(4)-O(8)#4  2.201(4) 
    
N(1)-Ni(1)-N(1)#1 180.0 O(6)#3-Ni(3)-O(6) 180.0 
N(1)-Ni(1)-N(2) 91.74(19) N(13)-Ni(4)-N(13)#4 180.0 
N(1)#1-Ni(1)-N(2) 88.26(19) N(13)-Ni(4)-N(14) 94.9(2) 
N(1)-Ni(1)-N(2)#1 88.26(19) N(13)#4-Ni(4)-N(14) 85.1(2) 
N(1)#1-Ni(1)-N(2)#1 91.74(19) N(13)-Ni(4)-N(14)#4 85.1(2) 
N(2)-Ni(1)-N(2)#1 180.0 N(13)#4-Ni(4)-N(14)#4 94.9(2) 
N(1)-Ni(1)-O(2)#1 91.65(16) N(14)-Ni(4)-N(14)#4 180.00(16) 
N(1)#1-Ni(1)-O(2)#1 88.35(16) N(13)-Ni(4)-O(8) 86.72(18) 
N(2)-Ni(1)-O(2)#1 89.99(17) N(13)#4-Ni(4)-O(8) 93.28(18) 
N(2)#1-Ni(1)-O(2)#1 90.01(17) N(14)-Ni(4)-O(8) 93.32(19) 
N(1)-Ni(1)-O(2) 88.35(16) N(14)#4-Ni(4)-O(8) 86.68(19) 
N(1)#1-Ni(1)-O(2) 91.65(16) N(13)-Ni(4)-O(8)#4 93.28(18) 
N(2)-Ni(1)-O(2) 90.01(17) N(13)#4-Ni(4)-O(8)#4 86.72(18) 
N(2)#1-Ni(1)-O(2) 89.99(17) N(14)-Ni(4)-O(8)#4 86.68(19) 
O(2)#1-Ni(1)-O(2) 180.0 N(14)#4-Ni(4)-O(8)#4 93.32(19) 
N(6)#2-Ni(2)-N(6) 180.0 O(8)-Ni(4)-O(8)#4 180.0 
N(6)#2-Ni(2)-N(5) 86.1(3) C(1)-O(2)-Ni(1) 131.2(4) 
N(6)-Ni(2)-N(5) 93.9(3) C(8)-O(4)-Ni(2) 136.9(4) 
N(6)#2-Ni(2)-N(5)#2 93.9(3) C(9)-O(6)-Ni(3) 131.9(4) 
N(6)-Ni(2)-N(5)#2 86.1(3) C(16)-O(8)-Ni(4) 129.9(4) 
N(5)-Ni(2)-N(5)#2 180.0(3) C(18)-N(1)-Ni(1) 119.0(3) 
N(6)#2-Ni(2)-O(4) 87.61(19) C(19)-N(1)-Ni(1) 103.4(4) 
N(6)-Ni(2)-O(4) 92.39(19) C(20)-N(2)-Ni(1) 103.2(4) 
N(5)-Ni(2)-O(4) 86.4(2) C(17)-N(2)-Ni(1) 113.7(4) 
N(5)#2-Ni(2)-O(4) 93.6(2) Ni(1)-N(2)-H(2) 108.4 
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N(6)#2-Ni(2)-O(4)#2 92.39(19) C(27)-N(5)-Ni(2) 113.3(5) 
N(6)-Ni(2)-O(4)#2 87.61(19) C(25)-N(5)-Ni(2) 104.3(5) 
N(5)-Ni(2)-O(4)#2 93.6(2) Ni(2)-N(5)-H(5) 107.5 
N(5)#2-Ni(2)-O(4)#2 86.4(2) C(24)-N(6)-Ni(2) 105.9(5) 
O(4)-Ni(2)-O(4)#2 180.0 C(26)-N(6)-Ni(2) 112.6(5) 
N(10)-Ni(3)-N(10)#3 180.0 Ni(2)-N(6)-H(6) 108.5 
N(10)-Ni(3)-N(9) 94.3(2) C(34)-N(9)-Ni(3) 111.7(4) 
N(10)#3-Ni(3)-N(9) 85.7(2) C(32)-N(9)-Ni(3) 105.7(4) 
N(10)-Ni(3)-N(9)#3 85.7(2) C(33)-N(10)-Ni(3) 114.6(4) 
N(10)#3-Ni(3)-N(9)#3 94.3(2) C(31)-N(10)-Ni(3) 105.6(4) 
N(9)-Ni(3)-N(9)#3 180.0 C(41)-N(13)-Ni(4) 113.6(4) 
N(10)-Ni(3)-O(6)#3 88.66(19) C(39)-N(13)-Ni(4) 107.8(4) 
N(10)#3-Ni(3)-O(6)#3 91.34(19) C(38)-N(14)-Ni(4) 106.5(4) 
N(9)-Ni(3)-O(6)#3 91.49(19) C(40)-N(14)-Ni(4) 113.0(4) 
N(9)#3-Ni(3)-O(6)#3 88.51(19) Ni(4)-N(14)-H(14) 108.3 
N(9)#3-Ni(3)-O(6) 91.49(19)   
Symmetry transformations used to generate equivalent atoms:  

































Table 6.4. X-ray crystallographic data of as-flexMOF(OH) and cp-flexMOF(OH). 
 
Compound as-flexMOF(OH) cp-flexMOF(OH) 
formula Ni4C86H146N26O26 Ni4C80H132N24O24 
crystal system Triclinic Triclinic 
space group P-1 P-1 
fw 2195.12 2048.93 
a, Å 15.210(3) 9.819(3) 
b, Å 15.650(3) 15.316(3) 
c, Å 17.099(3) 16.301(3) 
α, deg 82.34(3) 90.994(10) 
β, deg 65.07(3) 103.450(7) 
γ, deg 75.54(3) 90.421(10) 
V, Å3 3572.3(16) 2383.7(10) 
Z 1 1 
calcd, g cm-3 1.020 1.427 
temp , K 220(2) 100(2) 
, Å 0.700 0.700 
, mm-1 0.555 0.824 
goodness-of-fit (F2) 0.908 1.002 
F(000) 1164 1084 
reflections collected 28016 15154 
independent reflections 14507 [R(int) = 0.0334] 8088 [R(int) = 0.0325] 
completeness to max, % 96.3% 92.0% 
data/restraints/parameters 14057 / 648 / 676 8088 / 0 / 605 
 range for data collection, 
d
1.294 to 26.000 1.803 to 24.999 
diffraction limits (h, k, l) -19≤h≤19, -18≤k≤18,-21≤l≤21 -11≤h≤11, -18≤k≤18,-19≤l≤19 
refinement method Full-matrix least-squares on F2 
R1, wR2 [I>2(I)] R1 = 0.0711
a, wR2 = 0.2121b R1 = 0.0837a, wR2 = 0.2282b 
R1, wR2 (all data) R1 = 0.1240a, wR2 = 0.2303b R1 = 0.1226a, wR2 = 0.2616b 









. bwR(F2) = [	w(Fo2- Fc2)2/	w(Fo2)2]½ where w = 1/[2(Fo2) + (0.1367P)2+ 
(0.0000)P] for as-flexMOF(OH), and w = 1/[2(Fo2) + (0.1810P)2+ (0.0000)P] for cp-




Table 6.5. Selected bond distances [Å] and angles [o] of as-flexMOF(OH). 
 
Ni(1)-N(3)  2.043(4) Ni(2)-N(4)#2  2.062(4) 
Ni(1)-N(3)#1  2.043(4) Ni(2)-O(7)  2.115(3) 
Ni(1)-N(1)  2.066(4) Ni(2)-O(7)#2  2.115(3) 
Ni(1)-N(1)#1  2.066(4) Ni(3)-N(9)  2.055(5) 
Ni(1)-O(5)  2.159(3) Ni(3)-N(9)#3  2.055(5) 
Ni(1)-O(5)#1  2.159(3) Ni(3)-N(7)  2.067(4) 
Ni(2)-N(6)#2  2.060(4) Ni(3)-N(7)#3  2.067(4) 
Ni(2)-N(6)  2.060(4) Ni(3)-O(9)#3  2.129(3) 
Ni(2)-N(4)  2.062(4) Ni(3)-O(9)  2.129(3) 
    
N(3)-Ni(1)-N(3)#1 180.0 N(9)-Ni(3)-N(7) 94.31(18) 
N(3)-Ni(1)-N(1) 93.77(16) N(9)#3-Ni(3)-N(7) 85.69(18) 
N(3)#1-Ni(1)-N(1) 86.23(16) N(9)-Ni(3)-N(7)#3 85.69(18) 
N(3)-Ni(1)-N(1)#1 86.23(16) N(9)#3-Ni(3)-N(7)#3 94.31(18) 
N(3)#1-Ni(1)-N(1)#1 93.77(16) N(7)-Ni(3)-N(7)#3 180.0 
N(1)-Ni(1)-N(1)#1 180.0 N(9)-Ni(3)-O(9)#3 93.66(16) 
N(3)-Ni(1)-O(5) 87.51(14) N(9)#3-Ni(3)-O(9)#3 86.34(15) 
N(3)#1-Ni(1)-O(5) 92.49(15) N(7)-Ni(3)-O(9)#3 88.32(14) 
N(1)-Ni(1)-O(5) 92.74(14) N(7)#3-Ni(3)-O(9)#3 91.68(14) 
N(1)#1-Ni(1)-O(5) 87.26(14) N(9)-Ni(3)-O(9) 86.34(15) 
N(3)-Ni(1)-O(5)#1 92.49(15) N(9)#3-Ni(3)-O(9) 93.66(15) 
N(3)#1-Ni(1)-O(5)#1 87.51(15) N(7)-Ni(3)-O(9) 91.68(14) 
N(1)-Ni(1)-O(5)#1 87.26(14) N(7)#3-Ni(3)-O(9) 88.32(14) 
N(1)#1-Ni(1)-O(5)#1 92.74(14) O(9)#3-Ni(3)-O(9) 180.0 
O(5)-Ni(1)-O(5)#1 180.0 C(14)-N(7)-Ni(3) 113.3(4) 
C(1)-N(1)-Ni(1) 104.9(3) C(13)-N(7)-Ni(3) 105.3(3) 
C(2)-N(1)-Ni(1) 113.7(3) C(15)-N(9)-Ni(3) 114.0(4) 
Ni(1)-N(1)-H(1) 108.1 C(16)-N(9)-Ni(3) 106.5(3) 
C(4)-N(3)-Ni(1) 107.6(3) Ni(3)-N(9)-H(9) 107.3 
C(3)-N(3)-Ni(1) 115.4(3) N(10)#4-Ni(4)-N(10) 180.0 
Ni(1)-N(3)-H(3) 107.5 N(10)#4-Ni(4)-N(12)#4 94.9(2) 
N(6)#2-Ni(2)-N(6) 180.0 N(10)-Ni(4)-N(12)#4 85.1(2) 
N(6)#2-Ni(2)-N(4) 85.28(17) N(10)#4-Ni(4)-N(12) 85.1(2) 
N(6)-Ni(2)-N(4) 94.72(17) N(10)-Ni(4)-N(12) 94.9(2) 
N(6)#2-Ni(2)-N(4)#2 94.72(17) N(12)#4-Ni(4)-N(12) 180.0 
N(6)-Ni(2)-N(4)#2 85.29(17) N(10)#4-Ni(4)-O(11) 87.68(16) 
N(4)-Ni(2)-N(4)#2 180.0 N(10)-Ni(4)-O(11) 92.32(16) 
N(6)#2-Ni(2)-O(7) 92.76(14) N(12)#4-Ni(4)-O(11) 93.64(15) 
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N(6)-Ni(2)-O(7) 87.24(14) N(12)-Ni(4)-O(11) 86.36(15) 
N(4)-Ni(2)-O(7) 90.91(14) N(10)#4-Ni(4)-O(11)#4 92.32(16) 
N(4)#2-Ni(2)-O(7) 89.09(14) N(10)-Ni(4)-O(11)#4 87.68(16) 
N(6)#2-Ni(2)-O(7)#2 87.24(14) N(12)#4-Ni(4)-O(11)#4 86.35(15) 
N(6)-Ni(2)-O(7)#2 92.76(14) N(12)-Ni(4)-O(11)#4 93.65(15) 
N(4)-Ni(2)-O(7)#2 89.09(14) O(11)-Ni(4)-O(11)#4 180.0 
N(4)#2-Ni(2)-O(7)#2 90.91(14) C(19)-N(10)-Ni(4) 105.3(4) 
O(7)-Ni(2)-O(7)#2 180.0 C(20)-N(10)-Ni(4) 113.0(4) 
C(7)-N(4)-Ni(2) 107.0(3) Ni(4)-N(10)-H(10) 107.6 
C(8)-N(4)-Ni(2) 113.2(3) C(22)-N(12)-Ni(4) 107.5(4) 
Ni(2)-N(4)-H(4) 107.4 C(21)-N(12)-Ni(4) 114.4(4) 
C(9)-N(6)-Ni(2) 113.5(3) Ni(4)-N(12)-H(12) 106.9 
C(10)-N(6)-Ni(2) 105.8(3) C(25)-O(5)-Ni(1) 134.7(3) 
Ni(2)-N(6)-H(6) 107.8 C(32)-O(7)-Ni(2) 138.9(3) 
N(4)-C(7)-C(10)#2 108.2(4) C(33)-O(9)-Ni(3) 135.8(3) 
N(9)-Ni(3)-N(9)#3 180.0 C(40)-O(11)-Ni(4) 133.4(3) 
Symmetry transformations used to generate equivalent atoms:  




Table 6.6. Selected bond distances [Å] and angles [o] of cp-flexMOF(OH). 
 
Ni(1)-N(1)  2.045(5) Ni(3)-N(7)  2.047(5) 
Ni(1)-N(1)#1  2.045(5) Ni(3)-N(7)#3  2.047(5) 
Ni(1)-N(2)  2.045(5) Ni(3)-N(8)#3  2.053(6) 
Ni(1)-N(2)#1  2.045(5) Ni(3)-N(8)  2.053(6) 
Ni(1)-O(2)#1  2.126(4) Ni(3)-O(6)#3  2.162(4) 
Ni(1)-O(2)  2.126(4) Ni(3)-O(6)  2.162(4) 
Ni(2)-N(5)#2  2.023(5) Ni(4)-N(10)#4  2.028(6) 
Ni(2)-N(5)  2.023(5) Ni(4)-N(10)  2.028(6) 
Ni(2)-N(4)  2.041(6) Ni(4)-N(11)  2.061(6) 
Ni(2)-N(4)#2  2.041(6) Ni(4)-N(11)#4  2.061(6) 
Ni(2)-O(4)  2.167(4) Ni(4)-O(8)  2.143(4) 
Ni(2)-O(4)#2  2.167(4) Ni(4)-O(8)#4  2.143(4) 
    
N(1)-Ni(1)-N(1)#1 180.0 N(8)-Ni(3)-O(6) 88.52(19) 
N(1)-Ni(1)-N(2) 92.7(2) O(6)#3-Ni(3)-O(6) 180.0 
N(1)#1-Ni(1)-N(2) 87.3(2) N(10)#4-Ni(4)-N(10) 180.0(2) 
N(1)-Ni(1)-N(2)#1 87.3(2) N(10)#4-Ni(4)-N(11) 86.0(2) 
N(1)#1-Ni(1)-N(2)#1 92.7(2) N(10)-Ni(4)-N(11) 94.0(2) 
N(2)-Ni(1)-N(2)#1 180.0(3) N(10)#4-Ni(4)-N(11)#4 94.0(2) 
N(1)-Ni(1)-O(2)#1 93.78(19) N(10)-Ni(4)-N(11)#4 86.0(2) 
N(1)#1-Ni(1)-O(2)#1 86.22(19) N(11)-Ni(4)-N(11)#4 180.00(3) 
N(2)-Ni(1)-O(2)#1 87.49(18) N(10)#4-Ni(4)-O(8) 92.11(19) 
N(2)#1-Ni(1)-O(2)#1 92.51(18) N(10)-Ni(4)-O(8) 87.89(19) 
N(1)-Ni(1)-O(2) 86.22(19) N(11)-Ni(4)-O(8) 92.31(19) 
N(1)#1-Ni(1)-O(2) 93.78(19) N(11)#4-Ni(4)-O(8) 87.69(19) 
N(2)-Ni(1)-O(2) 92.51(18) N(10)#4-Ni(4)-O(8)#4 87.89(19) 
N(2)#1-Ni(1)-O(2) 87.49(18) N(10)-Ni(4)-O(8)#4 92.11(19) 
O(2)#1-Ni(1)-O(2) 180.0 N(11)-Ni(4)-O(8)#4 87.69(19) 
N(5)#2-Ni(2)-N(5) 180.0 N(11)#4-Ni(4)-O(8)#4 92.31(19) 
N(5)#2-Ni(2)-N(4) 85.6(2) O(8)-Ni(4)-O(8)#4 180.0(3) 
N(5)-Ni(2)-N(4) 94.4(2) C(1)-O(2)-Ni(1) 137.5(4) 
N(5)#2-Ni(2)-N(4)#2 94.4(2) C(9)-O(4)-Ni(2) 131.2(4) 
N(5)-Ni(2)-N(4)#2 85.6(2) C(16)-O(6)-Ni(3) 131.1(4) 
N(4)-Ni(2)-N(4)#2 180.0 C(8)-O(8)-Ni(4) 133.0(4) 
N(5)#2-Ni(2)-O(4) 87.94(18) C(20)-N(1)-Ni(1) 115.1(4) 
N(5)-Ni(2)-O(4) 92.06(18) C(18)-N(1)-Ni(1) 104.9(4) 
N(4)-Ni(2)-O(4) 87.4(2) C(19)-N(2)-Ni(1) 114.4(4) 
N(4)#2-Ni(2)-O(4) 92.6(2) C(17)-N(2)-Ni(1) 104.6(4) 
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N(5)#2-Ni(2)-O(4)#2 92.06(18) Ni(1)-N(2)-H(2) 108.2 
N(5)-Ni(2)-O(4)#2 87.94(18) C(23)-N(4)-Ni(2) 106.4(5) 
N(4)-Ni(2)-O(4)#2 92.6(2) C(26)-N(4)-Ni(2) 113.4(4) 
N(4)#2-Ni(2)-O(4)#2 87.4(2) Ni(2)-N(4)-H(4) 107.3 
O(4)-Ni(2)-O(4)#2 180.0(2) C(24)-N(5)-Ni(2) 106.3(4) 
N(7)-Ni(3)-N(7)#3 180.0 C(25)-N(5)-Ni(2) 115.0(4) 
N(7)-Ni(3)-N(8)#3 85.6(2) C(29)-N(7)-Ni(3) 107.3(4) 
N(7)#3-Ni(3)-N(8)#3 94.4(2) C(31)-N(7)-Ni(3) 113.4(4) 
N(7)-Ni(3)-N(8) 94.4(2) C(30)-N(8)-Ni(3) 105.4(4) 
N(7)#3-Ni(3)-N(8) 85.6(2) C(32)-N(8)-Ni(3) 112.8(4) 
N(8)#3-Ni(3)-N(8) 180.0 Ni(3)-N(8)-H(8) 108.2 
N(7)-Ni(3)-O(6)#3 86.26(18) C(35)-N(10)-Ni(4) 105.6(4) 
N(7)#3-Ni(3)-O(6)#3 93.74(18) C(37)-N(10)-Ni(4) 114.4(4) 
N(8)#3-Ni(3)-O(6)#3 88.52(19) Ni(4)-N(10)-H(10) 107.3 
N(8)-Ni(3)-O(6)#3 91.48(19) C(38)-N(11)-Ni(4) 114.8(5) 
N(7)-Ni(3)-O(6) 93.74(18) C(36)-N(11)-Ni(4) 104.9(4) 
N(7)#3-Ni(3)-O(6) 86.26(18) Ni(4)-N(11)-H(11A) 106.8 
N(8)#3-Ni(3)-O(6) 91.48(19)   
Symmetry transformations used to generate equivalent atoms:  






























Table 6.7. X-ray crystallographic data of as-flexMOF(CH2) and cp-flexMOF(CH2). 
 
Compound as-flexMOF(CH2) cp-flexMOF(CH2) 
formula Ni2C48H72N14O8 Ni4C88H132N24O16 
crystal system Monoclinic Triclinic 
space group C2/c P-1 
fw 1090.61 2017.01 
a, Å 12.920(3) 9.829(3) 
b, Å 32.634(6) 14.867(3) 
c, Å 15.617(3) 16.595(4) 
α, deg 90 90.112(7) 
β, deg 105.16(3) 78.434(10) 
γ, deg 90 87.888(10) 
V, Å3 6355(2) 2374.0(10) 
Z 4 1 
calcd, g cm-3 1.140 1.411 
temp , K 220(2) 100(2) 
, Å 0.610 0.700 
, mm-1 0.428 0.821 
goodness-of-fit (F2) 1.127 1.001 
F(000) 2312 1068 
reflections collected 31733 15074 
independent reflections 8742 [R(int) = 0.0434] 8042 [R(int) = 0.0671] 
completeness to max, % 98.9% 92.1% 
data/restraints/parameters 8742 / 296 / 321 8042 / 546 / 601 
 range for data collection, 
d
1.500 to 25.000 2.199 to 25.000 
diffraction limits (h, k, l) -17≤h≤17, -45≤k≤45,-21≤l≤21 -11≤h≤11, -17≤k≤17,-20≤l≤20 
refinement method Full-matrix least-squares on F2 
R1, wR2 [I>2(I)] R1 = 0.0784
a, wR2 = 0.2657b R1 = 0.0852a, wR2 = 0.2236b 
R1, wR2 (all data) R1 = 0.0873a, wR2 = 0.2778b R1 = 0.1622a, wR2 = 0.2702b 









. bwR(F2) = [	w(Fo2- Fc2)2/	w(Fo2)2]½ where w = 1/[2(Fo2) + (0.1896P)2+ 
(1.3860)P] for as-flexMOF(CH2), and w = 1/[2(Fo2) + (0.1536P)2+ (0.0000)P] for cp-




Table 6.8. Selected bond distances [Å] and angles [o] of as-flexMOF(CH2). 
 
Ni(1)-N(3)  2.059(2) Ni(2)-N(4)#2  2.036(3) 
Ni(1)-N(3)#1  2.059(2) Ni(2)-N(4)  2.036(3) 
Ni(1)-N(1)  2.063(3) Ni(2)-N(6)  2.046(5) 
Ni(1)-N(1)#1  2.063(3) Ni(2)-N(6)#2  2.046(5) 
Ni(1)-O(1)  2.1376(17) Ni(2)-O(3)#2  2.1190(19) 
Ni(1)-O(1)#1  2.1376(17) Ni(2)-O(3)  2.1191(19) 
    
N(3)-Ni(1)-N(3)#1 180.0 N(4)#2-Ni(2)-N(6) 88.6(2) 
N(3)-Ni(1)-N(1) 93.88(10) N(4)-Ni(2)-N(6) 91.4(2) 
N(3)#1-Ni(1)-N(1) 86.12(10) N(4)#2-Ni(2)-N(6)#2 91.4(2) 
N(3)-Ni(1)-N(1)#1 86.13(10) N(4)-Ni(2)-N(6)#2 88.6(2) 
N(3)#1-Ni(1)-N(1)#1 93.87(10) N(6)-Ni(2)-N(6)#2 180.0 
N(1)-Ni(1)-N(1)#1 180.00(10) N(4)#2-Ni(2)-O(3)#2 94.71(11) 
N(3)-Ni(1)-O(1) 93.69(8) N(4)-Ni(2)-O(3)#2 85.29(11) 
N(3)#1-Ni(1)-O(1) 86.31(8) N(6)-Ni(2)-O(3)#2 93.15(17) 
N(1)-Ni(1)-O(1) 90.03(9) N(6)#2-Ni(2)-O(3)#2 86.85(17) 
N(1)#1-Ni(1)-O(1) 89.97(9) N(4)#2-Ni(2)-O(3) 85.28(11) 
N(3)-Ni(1)-O(1)#1 86.31(8) N(4)-Ni(2)-O(3) 94.72(11) 
N(3)#1-Ni(1)-O(1)#1 93.69(8) N(6)-Ni(2)-O(3) 86.85(17) 
N(1)-Ni(1)-O(1)#1 89.97(9) N(6)#2-Ni(2)-O(3) 93.15(17) 
N(1)#1-Ni(1)-O(1)#1 90.03(9) O(3)#2-Ni(2)-O(3) 180.00(14) 
O(1)-Ni(1)-O(1)#1 180.0 C(9)-N(4)-Ni(2) 120.9(4) 
C(1)-N(1)-Ni(1) 104.8(2) C(8)-N(4)-Ni(2) 103.0(3) 
C(2)-N(1)-Ni(1) 113.39(19) Ni(2)-N(4)-H(4) 107.9 
Ni(1)-N(1)-H(1) 108.4 C(11)-N(6)-Ni(2) 111.8(5) 
C(4)-N(3)-Ni(1) 105.96(18) C(10)-N(6)-Ni(2) 116.4(4) 
C(3)-N(3)-Ni(1) 114.12(17) Ni(2)-N(6)-H(6A) 96.2 
Ni(1)-N(3)-H(3) 107.5 C(15)-O(1)-Ni(1) 130.48(16) 
N(4)#2-Ni(2)-N(4) 180.0 C(22)-O(3)-Ni(2) 131.20(19) 
Symmetry transformations used to generate equivalent atoms:  




Table 6.9. Selected bond distances [Å] and angles [o] of cp-flexMOF(CH2). 
 
Ni(1)-N(2)#1  2.057(6) Ni(3)-N(7)#3  2.043(7) 
Ni(1)-N(2)  2.057(6) Ni(3)-N(7)  2.043(7) 
Ni(1)-N(1)  2.061(7) Ni(3)-N(8)#3  2.060(8) 
Ni(1)-N(1)#1  2.061(7) Ni(3)-N(8)  2.060(8) 
Ni(1)-O(2)#1  2.111(5) Ni(3)-O(6)  2.171(5) 
Ni(1)-O(2)  2.111(5) Ni(3)-O(6)#3  2.171(5) 
Ni(2)-N(5)  2.012(7) Ni(4)-N(11)#4  2.027(7) 
Ni(2)-N(5)#2  2.012(7) Ni(4)-N(11)  2.027(7) 
Ni(2)-N(4)#2  2.078(7) Ni(4)-N(10)#4  2.058(9) 
Ni(2)-N(4)  2.078(7) Ni(4)-N(10)  2.058(9) 
Ni(2)-O(4)#2  2.170(5) Ni(4)-O(8)#4  2.135(6) 
Ni(2)-O(4)  2.170(5) Ni(4)-O(8)  2.135(6) 
    
N(2)#1-Ni(1)-N(2) 180.0(4) N(8)-Ni(3)-O(6)#3 91.2(2) 
N(2)#1-Ni(1)-N(1) 84.1(3) O(6)-Ni(3)-O(6)#3 180.0 
N(2)-Ni(1)-N(1) 95.9(3) N(11)#4-Ni(4)-N(11) 180.0 
N(2)#1-Ni(1)-N(1)#1 95.9(3) N(11)#4-Ni(4)-N(10)#4 92.5(4) 
N(2)-Ni(1)-N(1)#1 84.1(3) N(11)-Ni(4)-N(10)#4 87.5(4) 
N(1)-Ni(1)-N(1)#1 180.0 N(11)#4-Ni(4)-N(10) 87.5(4) 
N(2)#1-Ni(1)-O(2)#1 85.8(2) N(11)-Ni(4)-N(10) 92.5(4) 
N(2)-Ni(1)-O(2)#1 94.2(2) N(10)#4-Ni(4)-N(10) 180.0 
N(1)-Ni(1)-O(2)#1 87.9(2) N(11)#4-Ni(4)-O(8)#4 94.8(3) 
N(1)#1-Ni(1)-O(2)#1 92.1(2) N(11)-Ni(4)-O(8)#4 85.2(3) 
N(2)#1-Ni(1)-O(2) 94.2(2) N(10)#4-Ni(4)-O(8)#4 87.7(3) 
N(2)-Ni(1)-O(2) 85.8(2) N(10)-Ni(4)-O(8)#4 92.3(3) 
N(1)-Ni(1)-O(2) 92.1(2) N(11)#4-Ni(4)-O(8) 85.2(3) 
N(1)#1-Ni(1)-O(2) 87.9(2) N(11)-Ni(4)-O(8) 94.8(3) 
O(2)#1-Ni(1)-O(2) 180.0 N(10)#4-Ni(4)-O(8) 92.3(3) 
N(5)-Ni(2)-N(5)#2 180.0 N(10)-Ni(4)-O(8) 87.7(3) 
N(5)-Ni(2)-N(4)#2 85.6(3) O(8)#4-Ni(4)-O(8) 180.0 
N(5)#2-Ni(2)-N(4)#2 94.4(3) C(1)-O(2)-Ni(1) 132.0(5) 
N(5)-Ni(2)-N(4) 94.4(3) C(16)-O(4)-Ni(2) 129.9(5) 
N(5)#2-Ni(2)-N(4) 85.6(3) C(9)-O(6)-Ni(3) 131.8(5) 
N(4)#2-Ni(2)-N(4) 180.0 C(8)-O(8)-Ni(4) 133.9(5) 
N(5)-Ni(2)-O(4)#2 87.1(2) C(17)-N(1)-Ni(1) 106.0(5) 
N(5)#2-Ni(2)-O(4)#2 92.9(2) C(19)-N(1)-Ni(1) 113.2(5) 
N(4)#2-Ni(2)-O(4)#2 85.7(2) Ni(1)-N(1)-H(1) 107.5 
N(4)-Ni(2)-O(4)#2 94.3(2) C(18)-N(2)-Ni(1) 107.0(5) 
153 
 
N(5)-Ni(2)-O(4) 92.9(2) C(20)-N(2)-Ni(1) 112.4(5) 
N(5)#2-Ni(2)-O(4) 87.1(2) Ni(1)-N(2)-H(2) 106.6 
N(4)#2-Ni(2)-O(4) 94.3(2) C(24)-N(4)-Ni(2) 104.2(5) 
N(4)-Ni(2)-O(4) 85.7(2) C(27)-N(4)-Ni(2) 112.5(5) 
O(4)#2-Ni(2)-O(4) 180.0 Ni(2)-N(4)-H(4) 107.7 
N(7)#3-Ni(3)-N(7) 180.0 C(26)-N(5)-Ni(2) 115.7(6) 
N(7)#3-Ni(3)-N(8)#3 93.7(3) C(25)-N(5)-Ni(2) 105.9(5) 
N(7)-Ni(3)-N(8)#3 86.3(3) C(31)-N(7)-Ni(3) 105.5(5) 
N(7)#3-Ni(3)-N(8) 86.3(3) C(33)-N(7)-Ni(3) 114.4(6) 
N(7)-Ni(3)-N(8) 93.7(3) Ni(3)-N(7)-H(7) 108.0 
N(8)#3-Ni(3)-N(8) 180.0(4) C(32)-N(8)-Ni(3) 105.1(6) 
N(7)#3-Ni(3)-O(6) 87.2(2) C(34)-N(8)-Ni(3) 113.8(6) 
N(7)-Ni(3)-O(6) 92.8(2) Ni(3)-N(8)-H(8) 108.0 
N(8)#3-Ni(3)-O(6) 91.2(2) C(38)-N(10)-Ni(4) 114.1(8) 
N(8)-Ni(3)-O(6) 88.8(2) C(40)-N(10)-Ni(4) 104.6(7) 
N(7)#3-Ni(3)-O(6)#3 92.8(2) Ni(4)-N(10)-H(10) 107.1 
N(7)-Ni(3)-O(6)#3 87.2(2) C(39)-N(11)-Ni(4) 117.0(7) 
N(8)#3-Ni(3)-O(6)#3 88.8(2) C(41)-N(11)-Ni(4) 104.4(6) 
Symmetry transformations used to generate equivalent atoms:  





6.2.11 Grand Canonical Monte Carlo (GCMC) simulation. GCMC simulation of CO2 adsorption 
at 196 K and 1 bar in as-flexMOF(CN) single-crystal structure was carried out using RASPA 2.0 
code.41 The framework charge was not considered to neglect electrostatic interaction between 
framework atoms and adsorbate molecules. Simulation for CO2 adsorption used 10,000-cycle for 
equilibration and 10,000-cycle for data collection. One cycle is composed of N Monte Carlo steps, 
where N is the number of adsorbate molecules in system. The Monte Carlo step included randomly 
insertion, deletion, translation, rotation, and reinsertion moves with equal probabilities.  
The used intermolecular interactions, adsorbate-adsorbate and framework-adsorbate, were followed 
with Lennard-Jones and Coulomb potential, 
 
where  is the Lennard-Jones potential-well depth;  is the Lennard-Jones hard-sphere model 
diameter;  is the distance between  and  atoms;  and  are the partial charge of  and  
atoms, respectively;  is the vacuum permittivity. All Lennard-Jones potentials were truncated as a 
cut-off radius of 12.8 Å. 
The used forcefield for potential energy parameters on calculation was universal force field (UFF). 
TraPPE molecular forcefield was used in calculation for gas model.42 Lennard-Jones potential energy 
parameters of CO2 are shown in Table 6.10. GCMC CO2 adsorption simulation result in as-





Table 6.10. Lennard-Jones parameters and charge of adsorbate.  
Adsorbate ɛ/kB (K)  (Å) q 
 27.0 2.80 0.70 




Table 6.11. GCMC CO2 adsorption simulation results at 196 K and 1 bar in as-flexMOF(CN) and as-
flexMOF(CH2).  
CO2 Uptake mmol/g cm3/g (STP) cm3 (STP)/cm3 
as-flexMOF(CN) 13.9(1) 312(3) 258(3) 




6.3 Results and Discussion 
To synthesise an isostructural series of flexible MOFs decorated with different functional groups, we 
induced the self-assembly of a tetradentate ligand, 2,2‘,5,5‘-biphenyltetracarboxylic acid (H4BPTC), 
with [NiLR]2+ as a metal building block (R = CN, OH, and CH2 for nitrile, hydroxyl, and allyl 
subsitutes, respectively, Figure 6.1a), yielding {[(NiLCN)2(BPTC)]∙4DMF∙2H2O} (as-flexMOF(CN); 
DMF = N,N- dimethylformamide), {[(NiLOH)2(BPTC)]∙1DMF∙3H2O} (as-flexMOF(OH)), and 
{[(NiLCH2)2(BPTC)]∙1CH3CN∙5H2O} (as-flexMOF(CH2)) (Figures 6.2-6.4). For all the compounds, 
the square planar Ni(II) macrocycles were coordinated by two BPTC4- ligands in the axial sites, 
resulting in a six-coordinated octahedral geometry with hydrogen bonds between the uncoordinated 
oxygen atoms of the carboxylate and secondary amines from the aza-macrocyclic complex (dotted 
lines in Figure 6.1b). Since the BPTC4- moiety in the MOFs is not planar (dihedral angles between 
two phenyl rings are 52.780° in as-flexMOF(CN), 50.318° in as-flexMOF(OH), and 57.267° in as-
flexMOF(CH2)) and coordinates four macrocycles, 3D networks having interconnected pores are 
formed (top of Figures 6.5-6.7), in which the void space is 52.5% for as-flexMOF(CN), 49.6% for 
as-flexMOF(OH), and 41.2% for as-flexMOF(CH2) per unit cell volume, as obtained by PLATON 
calculations.40 Upon drying the MOFs, the 3D structures drastically changed and exhibited structural 
flexibility, as evidenced by the XRPD patterns (Figures 6.8-6.10; hereafter, dried compounds are 
designated as cp-flexMOF (cp = closed-pore)). The void volume is also greatly reduced to 6.1%, 
6.6%, and 3.9% per unit cell volume for cp-flexMOF(CN), cp-flexMOF(OH), and cp-
flexMOF(CH2), respectively. Despite such tremendous changes in the cell volume, all the samples 
maintained single crystallinity, which was sufficient to obtain SCD data. Figure 6.11 shows that the 
rectangular dimension of as phases in all the three compounds considerably shrank in cp phases 
(42.6%, 34.1%, and 23.8% decreases for flexMOF(CN), flexMOF(OH), and flexMOF(CH2), 
respectively). During the dynamic movement, the dihedral angle between the two phenyl rings and 
those between the carboxylate planes and benzene rings of the ligand changed, and the pendant arms 
















Figure 6.2. TGA trace of as-flexMOF(CN) obtained under a nitrogen atmosphere with 5 oC/min 




Figure 6.3. TGA trace of as-flexMOF(OH) obtained under a nitrogen atmosphere with 5 oC/min 


















(calc. 23.6% for 
4DMF and 2H2O)
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Figure 6.4. TGA trace of as-flexMOF(CH2) obtained under a nitrogen atmosphere with 5 oC/min 

























Figure 6.5. Comparison of SCD structures of as-flexMOF(CN) and cp-flexMOF(CN), shown in the 




















Figure 6.6. Comparison of SCD structures of as-flexMOF(OH) and cp-flexMOF(OH), shown in the 

























Figure 6.7. Comparison of SCD structures of as-flexMOF(CH2) and cp-flexMOF(CH2), shown in 
































Figure 6.9. Comparison of XRPD measured (black) and simulated patterns (red) of as-flexMOF(OH) 
and cp-flexMOF(OH).   
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Figure 6.10. Comparison of XRPD measured (black) and simulated patterns (red) of as-
flexMOF(CH2) and cp-flexMOF(CH2). 
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Figure 6.11. Comparison between the as-synthesised (as) and closed-pore (cp) phases of (a) 
flexMOF(CN), (b) flexMOF(OH), and (c) flexMOF(CH2) in rectangular dimension. The 


































Figure 6.12. Change of dihedral angle in the BPTC4- ligand of flexMOF(CN) after drying. 
 
 
Figure 6.13. Change of dihedral angle in the BPTC4- ligand of flexMOF(OH) after drying. 
Angle as-flexMOF(CN) cp-flexMOF(CN)
52.780 o 59.833 o
41.868 o 60.063 o
13.458 o 9.822 o 
13.458 o 3.268 o
41.868 o 39.374 o
Angle as-flexMOF(OH) cp-flexMOF(OH)
50.318 o 63.996 o
46.676 o 37.849 o
6.411 o 14.276 o
13.339 o 17.977 o




Figure 6.14. Change of dihedral angle in the BPTC4- ligand of flexMOF(CH2) after drying. 
 
In order to explore the guest-dependant flexibility of these MOFs, N2 and CO2 gas sorption 
isotherms were obtained at 77 and 196 K, respectively. All cp phases showed typical type II N2 
sorption isotherms, indicating a nonporous nature (Figure 6.15). However, the characteristic of the 
CO2 sorption isotherms was interesting (Figure 6.16). cp-flexMOF(CN) exhibited gate-opening for 
CO2 with an abrupt uptake at an threshold pressure of 0.42 bar, and its total adsorption capacity 
approached 40.1 wt% (204.8 cc/g or 9.14 mmol/g of the host) at 1 bar. When the allyl pendant arms 
are introduced, the resulting MOF, cp-flexMOF(CH2) displayed a significantly different threshold 
pressure of ~0.70 bar, which was higher than that in cp-flexMOF(CN). This was also accompanied 
by a decrease in the CO2 uptake capacity (16.7 wt%, 85.5 cc/g, or 3.82 mmol/g). The different 
response of cp-flexMOF(CN) and cp-flexMOF(CH2) toward N2 and CO2 can be explained by the 
high quadruple moment and polarizability of CO2, which is in contrast to the inert nature of N2.43-45 It 
is also noteworthy that as phases of flexMOF(CN) and flexMOF(CH2) were estimated to potentially 
adsorb ca. 13.9 and 5.4 mmol/g of CO2, respectively (greater than the experimental value; Table 6.11), 
as calculated by grand canonical Monte Carlo (GCMC) adsorption simulation performed with the 
molecular software package, RASPA 2.0.46 This implies that those cp phases are not fully transformed 
into as phases under this condition (1 bar of CO2 at 196 K), but are open up to form new phases, lp-
flexMOF (Figure 6.16; lp stands for large pore phase). Also, both the flexMOF(CN) and 
Angle as-flexMOF(CH2) cp-flexMOF(CH2)
57.267 o 57.681 o
48.630 o 46.196 o
13.475 o 15.847 o
10.707 o -8.641 o
45.549 o 42.703 o
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flexMOF(CH2) desorbed in a hysteretic and stepwise manner, which adsorption and desorption 
curves do not merge at the end even under vacuum (< 10-5 mbar) at 196 K. In contrast, hydroxyl 
group-containing cp-flexMOF(OH) showed no stepwise adsorption profile with negligible uptake.  
 
 




Figure 6.16. CO2 adsorption/desorption isotherms of flexMOF(CN), flexMOF(OH), and 
flexMOF(CH2) at 196 K (left) and schematic of their flexible behaviour upon CO2 adsorption (right). 
Filled and empty circles represent adsorption and desorption curves, respectively. 
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The forementioned different responsive behaviours were studied by in situ XRPD under the 
synchronized condition of CO2 sorption. The XRPD patterns of cp-flexMOF(CN) did not change up 
to 0.4 bar, and a drastic structural change was observed at 0.6 bar, at which the CO2 uptake increased 
sharply (Figure 6.17), retaining up to 1 bar. As mentioned previously, this is not a same structure with 
a as phase, but a lp phase. During desorption, the XRPD patterns were retained up to 0.4 bar, but it 
changed into a new structure below this pressure, which had neither cp nor lp structure and thereby 
denoted as np-flexMOF(CN) (Figure 6.18a; np stands for narrow pore phase). Such a discovery of a 
new intermediate phase derived upon desorption has been very rarely reported and characterized in 
flexible MOFs.47  
 
 
Figure 6.17. CO2 adsorption/desorption isotherm of flexMOF(CN) and in-situ XRPD experimental 
results at 196 K. 
 
2 / degree












































Figure 6.18. (a) Schematic illustration of the phase transitions of flexMOF(CN) upon guest 
removal/reintroduction and CO2 adsorption/desorption. (b) Consecutive cycles of CO2 
adsorption/desorption isotherms in flexMOF(CN) at 196 K, and (c) corresponding XRPD data 
measured before CO2 adsorption, after adsorption, desorption (vacuum < 10-5 mbar), re-adsorption, 
and re-desorption, and after re-activation by heating under vacuum. Filled and empty circles represent 
adsorption and desorption curves, respectively. 
 
The intermediate structure, np-flexMOF(CN) has its own permanent porosity. After one 
adsorption-desorption experiment, the np phase is stabilised even under vacuum at 196 K. 
Interestingly, the successive measurement of the CO2 uptake beginning from np-flexMOF(CN) at 
196 K (Figure 6.18b) showed type IV adsorption isotherm, which was clearly different from the 
adsorption isotherm of the first cycle. In this profile, even at the low presure region CO2 uptake was 
occurred up to 12.0 wt%, yet the threshold pressure was observed at the  same position of the first 
cycle. The total CO2 uptake decreased from 40.1 to 33.7 wt%, in which the uptake difference is equal 
to the traped amount of CO2 after the first cycle, and the desorption curve retraced to the adsorption 
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curve. As revealed by the in-situ XRPD (Figure 6.18c), the np transformed to the lp phase during the 
CO2 re-adsorption, and then reverted to its np phase after re-desorption. The further consecutive cycle 
of CO2 adsorption/desorption for np-flexMOF(CN) fully reproduced this trend (Figure 6.19), 
indicating the reversible transition between the np and lp phases (Figure 6.18a). Furthermore, heating 
at 110 °C under vacuum resulted in the transformation into the cp phase (Figures 6.18c and 6.20). 





Figure 6.19. The consecutive cycle cycles of CO2 adsorption/desorption isotherms of flexMOF(CN) 





























































































Figure 6.20. (a) CO2 re-adsorption/desorption isotherm of flexMOF(CN) at 196 K after re-activation 





Figure 6.21. (a) CO2 adsorption/desorption isotherms of (a) as-flexMOF(CN) and (b) as-













































































The same phenomenon is identified in the in-situ XRPD results of flexMOF(CH2) under CO2 
pressures at 196 K (Figure 6.22). The initial cp phase is preserved until the threshold (or gate-opening) 
pressure where it transforms to the other form, yet still different from that of as-flexMOF(CH2). Even 
after desorption under high vacuum, the CO2 sorption isotherm indicates no merge of adsorption and 
desorption graph, as the compound does not regain its cp phase. However, compared to 
flexMOF(CN), the shifts in XRPD patterns and the step amount are relatively moderate. 
It should be noted that the discrepancy of the flexibility in flexMOF(OH) is attributed to the 
increased number of hydrogen bonds from as-flexMOF(OH) to cp-flexMOF(OH), as revealed by the 
SCD analysis, owing to the single-crystal-to-single-crystal transformation (Figures 6.23b and 6.24). In 
cp-flexMOF(OH), the hydroxyl groups participate in hydrogen bonding with the carboxylate oxygens 
and the secondary amines from the macrocycles as well as the hydroxyl groups from other pendant 
arms to stabilize the cp structure by strong host-host interactions. Considering this aspect, while CO2 
molecules failed to open up the structure (Figure 6.25), certain guest molecules, which can make 
stronger host-guest interaction such as water, is expected to lead a structural flexibility, and water 
vapour sorption isotherm (Figure 6.23c) shows that the introduction of polar water molecules can 
open the pores of cp-flexMOF(OH); it adsorbs 144 cc/g of water vapour at 298 K in two steps, at 
0.08 and 0.65 relative humidity (P/P0), and desorbs with a large hysteresis. The corresponding XRPD 
results, measured after water adsorption and re-activation by heating at 110 °C under vacuum, also 
verifies the significant and reversible structural transitions of flexMOF(OH) (Figure 6.26). Likely, 
flexMOF(CN) and flexMOF(CH2) also shows the stepwise adsorption profile for water vapour, 
which was similarly observed in the CO2 sorption and the significant and reversible structural 
transitions (Figure 6.27-6.29). Furthermore, methanol and benzene vapour isotherms of flexMOF(OH) 
were measured to prove the role of polar protic solvents in controlling the host-guest interaction and 
opening the closed pores. Resultingly, the pores of flexMOF(OH) was opened by methanol, but there 




Figure 6.22. CO2 adsorption/desorption isotherm of flexMOF(CH2) and in-situ XRPD experimental 
results at 196 K. 
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Figure 6.23. (a) Schematic illustration of the phase transitions of flexMOF(OH) upon guest 
removal/reintroduction and adsorption/desorption of CO2 and H2O molecules. (b) Hydrogen bonds of 
cp-flexMOF(CN) as represented by dotted lines, and (c) its water vapor isotherm at 298 K. Filled and 
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Figure 6.24. Comparison of SCD structures of as-flexMOF(OH) and cp-flexMOF(OH). Each 
macrocycles of Ni metal center are stabilized by the hydrogen bond between the carboxylate oxygen 
of the ligand, the secondary amine hydrogen in the macrocycle, and the oxygen and hydrogen of 















Figure 6.25. CO2 adsorption/desorption isotherm of flexMOF(OH) and in-situ XRPD experimental 






















































Figure 6.26. Comparison of XRPD patterns of cp-flexMOF(OH), the sample after water adsorption 
at 298 K, and after re-activation by heating under vacuum. 
 
 
Figure 6.27. Water vapour isotherms of flexMOF(CN), flexMOF(OH), and flexMOF(CH2) at 298 
K. 
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Figure 6.28. Comparison of XRPD patterns of cp-flexMOF(CN), the sample after water adsorption 
at 298 K, and after re-activation by heating under vacuum. 
 
 
Figure 6.29. Comparison of XRPD patterns of cp-flexMOF(CH2), the sample after water adsorption 
at 298 K, and after re-activation by heating under vacuum. 
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In conclusion, we employed the Ni(II) macrocycle moiety with different pendant arms containing the 
nitrile, hydroxyl, or allyl groups, to demonstrate that such a MOF platform can readily grant and tune 
the flexibility based on the functional groups in the pores. Three isostructural MOFs exhibited distinct 
flexibility, including the gate-opening threshold pressure, sorption capacities, step steepness, and 
hysteresis. For flexMOF(CN) and flexMOF(CH2), an intermediate new form was discovered from 
the CO2-traped np phase. Moreover, the hydroxyl group in flexMOF(OH) induced the strong host-
host interaction via numerous hydrogen bonds in the cp phase, which could be attributed to the 
structural stabilization, and  flexMOF(OH) showed the responsive flexibility upon water over CO2. 
Therefore, we envision that this pendant arm azamacrocycle-based MOF would not only provide 
insights for the rational design and fine-tuning of flexible MOFs but also enable their uses in a variety 
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Heterogeneous catalysts have many attractions to chemical and polymer manufacturing and 
environmental improvement processes due to their recyclability and easy separation from the products 
relative to homogeneous catalysts.1,2 Solid porous materials such as porous silica, carbons or zeolites 
constitute a widely studied and broadly effective family of supports for heterogeneous catalysts.3-6 
Nevertheless, fine-tuning of features on the following supports remain a challenge. In this aspect, 
metal-organic frameworks (MOFs) have recently emerged as a promising platform for heterogeneous 
catalysts.7-12 Compared to conventional supports, the structure of MOFs, a type of porous materials 
composed of inorganic nodes and organic linkers could more readily tuned by rational metal nodes 
and organic ligands design.13-19 Indeed, the development of catalytically active MOFs through 
modification have been studied in recent decade. 
Catalytic oligomerization of ethylene is one of the most commercially applications of catalysis in 
the petrochemical industry.20,21 As interest in oligomers has increased, both academia and industry 
have made considerable efforts to develop and study catalysts for the selective dimerization of 
ethylene.22,23 The product 1-butene is required in high purity for application in polyolefin synthesis 
and the metathesis of 2-butene, which produced by isomerization of 1-butene, with ethylene would 
yield propylene.24-27 Therefore, it is indispensable to control the activity and/or selectivity of the 
catalyst product and could be achieved through appropriate control of the catalyst environment. 
Structural flexibility is a unique feature of some MOFs that are clearly distinct from other solid 
porous materials.28-30 Flexible MOFs can reversibly change their form in local or overall structure 
upon the external stimuli and thus, these enable usage in potential applications.31,32 Previously, our 
group designed a flexible MOF platform based on Ni(II) macrocycles having pendant arms that 
behaved as a molecular gate, especially CO2 molecules.33 Also, we could introduce various functional 
groups such as nitrile, hydroxyl, and allyl pendant arms in Ni(II) macrocycles and control those 
flexible behaviors.34 Among those flexible MOFs, nitrile-functionalized MOF seemed the most 
promising system for flexible catalysts.  
Herein, we anchored active sites to tailored MOF, that possessing free nitrile groups and showing 
structural transformation upon CO2 pressure. With the active Pd(II) metal ions anchored to the MOF 
scaffold, we expected the synergistic effects of the flexible system on the catalytic reaction. Indeed, 
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its flexibility resulted in interesting catalytic performance with selectivity upon reaction conditions in 
gas-phase ethylene dimerization reaction. More importantly, in CO2 atmosphere at the gate-opening 
pressure the catalytic conversion and the 2-/1-butene selectivity were evidently improved. On the 
basis of our results, we demonstrated that flexible MOFs can give an opportunity to control and 



























7.2 Experimental Methods 
7.2.1 Materials and methods. All chemicals and solvents used in the syntheses were of reagent grade 
and they were used without further purification. 2,2’,5,5’-tetramethylbiphenyl, 98% bought from Alfa 
Aesar and 2,2',5,5'-biphenyltetracarboxylic acid (H4BPTC) was prepared according to the method 
previously reported.S1 [Ni(C14H28N8)]Cl2 ([NiLCN]Cl2) was prepared by the reported methods with a 
modification.S2 And these were recrystallized from MeOH/H2O mixture solvent by heating, 
respectively. Infrared spectra were measured by a Thermo Fisher Scientific Nicolet 6700 FT-IR 
spectrometer. X-ray powder diffraction (XRPD) data were recorded on a Bruker D2 phaser 
diffractometer at 30 kV and 10 mA for Cu Kα (λ = 1.54050 Å), with a step size of 0.02º in 2θ. Low-
pressure N2 and CO2 sorption isotherms of samples were obtained using a BELSORP-max at 77 K 
and 196 K, respectively. Prior to the adsorption measurements, the samples were evacuated (p < 10-5 
mbar) at RT for 24 h and then 110 °C for 4 h. High-pressure CO2 sorption of samples were measured 
on a PCTpro E&E – 122. Thermogravimetric analysis (TGA) were performed under N2(g) 
atmosphere at a scan rate of 5 oC/min using Q50 from TA instruments. X-ray photoelectron 
spectroscopy (XPS) was performed on a K-alpha from Thermo Fisher. The chemical composition of 
flexCatal was analyzed by inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, 
PerkinElmer). Elemental analyses were done by UNIST Central Research Facilities center (UCRF) in 
Ulsan National Institute of Science and Technology (UNIST). 
 
7.2.2 Synthesis of {[(NiLCN)2(BPTC)]∙4DMF∙2H2O} (flexMOF(CN)). flexMOF(CN) was prepared 
by the reported methods in Chapter 6. [NiLCN]Cl2 (0.062 g, 0.035 mmol) and H4BPTC (0.024 g, 0.070 
mmol) were dissolved in mixture solution of N,N-dimethylformamide (DMF) and H2O with volume 
ratio of 1.5 mL:1.5 mL and 2 mL:1 mL with TEA 80 μL respectively. The solution of H4BPTC was 
added to the [NiLCN]Cl2 solution, mixed two solutions by voltex mixer, and allowed to stand at 
refrigerator for 7 days. Yield: ~23.5%. Anal. Calcd for Ni2C56H94N20O14: C, 48.43; H, 6.82; N, 20.17.; 
Found: C, 48.44; H, 6.73; N, 20.10. FT-IR for flexMOF(CN) (ATR): νC≡N 2246, νCOO- 1572, 1381 cm-
1.  
 
7.2.3 Preparation of activated flexMOF(CN) (d-flexMOF(CN) and cp-flexMOF(CN)). To activate 
flexMOF(CN), the guest molecules were exchanged. The mother liquor containing crystals of as-
synthesized flexMOF(CN) was decanted carefully by pipette, and the crystals were re-immersed in 
distilled MeCN for 3 days with refreshing the solvent 6 times (ex-flexMOF(CN)). The crystals were 
filtered and evacuated at RT for 24 h under vacuum for d-flexMOF(CN), and evacuated at RT for 24 
h then 110 oC for 4 h under vacuum for cp-flexMOF(CN). Then, cooled the samples and refilled the 
gas with Ar. 
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7.2.4 Preparation of {[(NiLCN)2(BPTC)]∙[Pd(OAc)2]0.175} (flexCatal). Palladium(II) acetate (0.2 g, 
0.891 mmol) was dissolved in 15 mL of distilled MeCN and added into the 50 mL of vial containing 
ex-flexMOF(CN) (0.24 g). The vial was capped and allowed to stand for 1 day. After the metallation 
solution was decanted, the flexCatal was soaked in distilled MeCN to remove unbound palladium(II). 
The supernatant was decanted and replaced with distilled MeCN every 12 hours and soaked for 2 days. 
The flexCatal was activated at RT for 24 h under vacuum for d-flexCatal, and evacuated at RT for 24 
h then 110 oC for 4 h under vacuum for cp-flexCatal. Then, cooled the samples and refilled the gas 
with Ar. Anal. Calcd for Pd0.175Ni2C44.7H63.05N16O8.7: Pd, 1.69; Ni, 10.67; C, 48.82; H, 5.78; N, 20.38.; 
Found: Pd, 1.69; Ni, 10.64; C, 48.67; H, 5.64; N, 20.18. FT-IR for flexCatal (ATR): νC≡N 2247, νCOO- 
1568, 1356 cm-1.  
 
7.2.5 Preparation of {[(NiLCN)2(BPTC)]∙[Pd(OAc)2]0.85} (flexCatal). Palladium(II) acetate (0.8 g, 
3.564 mmol) was dissolved in 15 mL of distilled MeCN and added into the 50 mL of vial containing 
ex-flexMOF(CN) (0.24 g). The vial was capped and allowed to stand for 1 day. After the metallation 
solution was decanted, the flexCatal was soaked in distilled MeCN to remove unbound palladium(II). 
The supernatant was decanted and replaced with distilled MeCN every 12 hours and soaked for 2 days. 
The flexCatal was activated at RT for 24 h under vacuum for d-flexCatal, and evacuated at RT for 24 
h then 110 oC for 4 h under vacuum for cp-flexCatal. Then, cooled the samples and refilled the gas 
with Ar. Anal. Calcd for Pd0.84Ni2C47.36H67.04N16O11.36: Pd, 7.23; Ni, 9.38; C, 45.50; H, 5.41; N, 17.91.; 
Found: Pd, 7.22; Ni, 9.24; C, 45.87; H, 5.39; N, 18.01. FT-IR for flexCatal (ATR): νC≡N 2247, 
νC≡N(shift) 2279, νCOO- 1571, 1356 cm-1. 
 
7.2.6 Ethylene dimerization experiment. Reaction was carried on flow reactor using 45.8 mg of cp-
flexCatal or d-flexCatal prepared in a glove box. Prior to ethylene dimerization experiments, the CO2 
was pressurized at 16 bar (10 mL/min) for 2 hours, followed by the ethylene purge (10 mL/min) for 4 
hours in order to stabilize reaction flow and the flame ionization detector (FID) signal of a Agilent 
7820 A gas chromatography (GC). The ethylene dimerization was carried out in flowing reactant gas 
(each gas flow is 10 mL/min, C2H4 partial pressure is fixed to 8 bar) at RT. After stabilization of FID 
signal, the co-catalyst (diethylaluminum chloride 97%, sigma-aldrich) was injected into the syringe 
pump (1M concentration, 0.4 mL/hr and 2 hours), and then 1-hexane was injected in the same manner 
as above to prevent pore closing. 
 
7.2.7 Single-Crystal X-ray crystallography. Single-crystals were coated with Parabar 10312 
(Hampton Research Inc.) to mount micro-loop. The diffraction data measured using synchrotron 
employing a PLSII-2D SMC an ADSC Quantum-210 detector with a silicon (111) double crystal 
monochromator (DCM) at Pohang Accelerator Laboratory, Korea. The PAL BL2D-SMDC program 
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was used for both data collection, and HKL3000sm (Ver. 730r) was used for cell refinement, 
reduction and absorption correction. The crystal structures were solved by direct methods with 
SHELX-XS (Ver. 2013/1) for the as-synthesized crystals and were solved by the intrinsic phasing 
method with SHELX-XT (Ver. 2018/2) for the dried crystals, and refined by full-matrix least-squares 
calculation with SHELX-XL (Ver. 2018/3). All non-hydrogen atoms in whole structures were refined 
anisotropically. The final refinements were performed for crystals with the modification of the 
structure factors for the contribution of the disordered solvent electron densities using the SQUEEZE 
routine of PLATON. A summary of the crystals and some crystallographic data are given in Tables 
7.1, 7.2, and 7.3. CCDC 1898507 (as-flexMOF(CN)) and 1898504 (cp-flexMOF(CN)), contain the 
supplementary crystallographic data for this paper. The data can be obtained free of charge at 
www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Centre, 12, 



























Table 7.1. X-ray crystallographic data of as-flexMOF(CN) and cp-flexMOF(CN). 
 
Compound as-flexMOF(CN) cp-flexMOF(CN) 
formula Ni2C44H62N16O8 Ni4C88H124N32O16 
crystal system Monoclinic Triclinic 
space group C2/c P-1 
fw 1060.51 2121.02 
a, Å 21.799(4) 10.063(2) 
b, Å 25.727(5) 15.927(3) 
c, Å 15.630(3) 16.581(3) 
α, deg 90 86.837(8) 
β, deg 93.86(3) 74.753(5) 
γ, deg 90 78.205(9) 
V, Å3 8746(3) 2509.8(8) 
Z 4 1 
calcd, g cm-3 0.805 1.403 
temp , K 220(2) 100(2) 
, Å 0.700 0.700 
, mm-1 0.449 0.782 
goodness-of-fit (F2) 1.097 0.977 
F(000) 2232 1116 
reflections collected 35918 16553 
independent reflections 9987 [R(int) = 0.0633] 8602 [R(int) = 0.0677] 
completeness to max, % 99.8% 93.2% 
data/restraints/parameters 9987 / 6 / 319 8602 / 599 / 637 
 range for data collection, 
d
1.718 to 26.999 1.795 to 25.000 
diffraction limits (h, k, l) -28≤h≤28, -33≤k≤33,-20≤l≤20 -12≤h≤12, -18≤k≤18,-20≤l≤20 
refinement method Full-matrix least-squares on F2 
R1, wR2 [I>2(I)] R1 = 0.0515
a, wR2 = 0.1618b R1 = 0.0723a, wR2 = 0.1769b 
R1, wR2 (all data) R1 = 0.0649a, wR2 = 0.1676b R1 = 0.1338a, wR2 = 0.2083b 









. bwR(F2) = [	w(Fo2- Fc2)2/	w(Fo2)2]½ where w = 1/[2(Fo2) + (0.0956P)2+ 
(0.0000)P] for as-flexMOF(CN), and w = 1/[2(Fo2) + (0.1179P)2+ (0.0000)P] for cp-flexMOF(CN), 




Table 7.2. Selected bond distances [Å] and angles [o] of as-flexMOF(CN). 
 
Ni(1)-N(1)#1  2.0507(18) Ni(2)-N(5)#2  2.0550(19) 
Ni(1)-N(1)  2.0507(18) Ni(2)-N(5)  2.0550(19) 
Ni(1)-N(3)#1  2.0644(19) Ni(2)-N(7)  2.056(2) 
Ni(1)-N(3)  2.0645(19) Ni(2)-N(7)#2  2.056(2) 
Ni(1)-O(1)#1  2.1143(13) Ni(2)-O(3)  2.1148(14) 
Ni(1)-O(1)  2.1143(13) Ni(2)-O(3)#2  2.1148(14) 
    
N(1)#1-Ni(1)-N(1) 180.0 N(5)-Ni(2)-O(3) 92.71(7) 
N(1)#1-Ni(1)-N(3)#1 94.21(8) N(7)-Ni(2)-O(3) 90.53(7) 
N(1)-Ni(1)-N(3)#1 85.79(8) N(7)#2-Ni(2)-O(3) 89.47(7) 
N(1)#1-Ni(1)-N(3) 85.79(8) N(5)#2-Ni(2)-O(3)#2 92.71(7) 
N(1)-Ni(1)-N(3) 94.21(8) N(5)-Ni(2)-O(3)#2 87.29(7) 
N(3)#1-Ni(1)-N(3) 180.0 N(7)-Ni(2)-O(3)#2 89.47(7) 
N(1)#1-Ni(1)-O(1)#1 92.47(6) N(7)#2-Ni(2)-O(3)#2 90.53(7) 
N(1)-Ni(1)-O(1)#1 87.52(6) O(3)-Ni(2)-O(3)#2 180.0 
N(3)#1-Ni(1)-O(1)#1 86.50(7) C(15)-O(1)-Ni(1) 135.76(13) 
N(3)-Ni(1)-O(1)#1 93.50(7) C(22)-O(3)-Ni(2) 133.11(15) 
N(1)#1-Ni(1)-O(1) 87.53(6) C(1)-N(1)-Ni(1) 105.72(14) 
N(1)-Ni(1)-O(1) 92.47(6) C(2)-N(1)-Ni(1) 112.64(13) 
N(3)#1-Ni(1)-O(1) 93.50(7) Ni(1)-N(1)-H(1) 108.3 
N(3)-Ni(1)-O(1) 86.51(7) C(4)-N(3)-Ni(1) 106.36(14) 
O(1)#1-Ni(1)-O(1) 180.0 C(3)-N(3)-Ni(1) 113.62(15) 
N(5)#2-Ni(2)-N(5) 180.0 Ni(1)-N(3)-H(3) 107.4 
N(5)#2-Ni(2)-N(7) 85.27(9) C(8)-N(5)-Ni(2) 106.52(17) 
N(5)-Ni(2)-N(7) 94.73(9) C(9)-N(5)-Ni(2) 114.92(16) 
N(5)#2-Ni(2)-N(7)#2 94.73(9) Ni(2)-N(5)-H(5) 106.6 
N(5)-Ni(2)-N(7)#2 85.27(9) C(11)-N(7)-Ni(2) 105.52(17) 
N(7)-Ni(2)-N(7)#2 180.0 C(10)-N(7)-Ni(2) 113.08(16) 
N(5)#2-Ni(2)-O(3) 87.29(7) Ni(2)-N(7)-H(7) 108.0 
Symmetry transformations used to generate equivalent atoms:  













Table 7.3. Selected bond distances [Å] and angles [o] of cp-flexMOF(CN). 
 
Ni(1)-N(1) 2.043(4) Ni(3)-N(10) 2.045(5) 
Ni(1)-N(1)#1 2.043(4) Ni(3)-N(10)#3 2.045(5) 
Ni(1)-N(2) 2.043(5) Ni(3)-N(9) 2.055(5) 
Ni(1)-N(2)#1 2.043(5) Ni(3)-N(9)#3 2.055(5) 
Ni(1)-O(2)#1 2.180(4) Ni(3)-O(6)#3  2.152(4) 
Ni(1)-O(2) 2.180(4) Ni(3)-O(6)  2.152(4) 
Ni(2)-N(6)#2 2.055(5) Ni(4)-N(13)  2.019(5) 
Ni(2)-N(6) 2.055(5) Ni(4)-N(13)#4  2.019(5) 
Ni(2)-N(5) 2.072(6) Ni(4)-N(14)  2.062(6) 
Ni(2)-N(5)#2  2.072(6) Ni(4)-N(14)#4  2.062(6) 
Ni(2)-O(4) 2.129(4) Ni(4)-O(8)  2.201(4) 
Ni(2)-O(4)#2 2.129(4) Ni(4)-O(8)#4  2.201(4) 
    
N(1)-Ni(1)-N(1)#1 180.0 O(6)#3-Ni(3)-O(6) 180.0 
N(1)-Ni(1)-N(2) 91.74(19) N(13)-Ni(4)-N(13)#4 180.0 
N(1)#1-Ni(1)-N(2) 88.26(19) N(13)-Ni(4)-N(14) 94.9(2) 
N(1)-Ni(1)-N(2)#1 88.26(19) N(13)#4-Ni(4)-N(14) 85.1(2) 
N(1)#1-Ni(1)-N(2)#1 91.74(19) N(13)-Ni(4)-N(14)#4 85.1(2) 
N(2)-Ni(1)-N(2)#1 180.0 N(13)#4-Ni(4)-N(14)#4 94.9(2) 
N(1)-Ni(1)-O(2)#1 91.65(16) N(14)-Ni(4)-N(14)#4 180.00(16) 
N(1)#1-Ni(1)-O(2)#1 88.35(16) N(13)-Ni(4)-O(8) 86.72(18) 
N(2)-Ni(1)-O(2)#1 89.99(17) N(13)#4-Ni(4)-O(8) 93.28(18) 
N(2)#1-Ni(1)-O(2)#1 90.01(17) N(14)-Ni(4)-O(8) 93.32(19) 
N(1)-Ni(1)-O(2) 88.35(16) N(14)#4-Ni(4)-O(8) 86.68(19) 
N(1)#1-Ni(1)-O(2) 91.65(16) N(13)-Ni(4)-O(8)#4 93.28(18) 
N(2)-Ni(1)-O(2) 90.01(17) N(13)#4-Ni(4)-O(8)#4 86.72(18) 
N(2)#1-Ni(1)-O(2) 89.99(17) N(14)-Ni(4)-O(8)#4 86.68(19) 
O(2)#1-Ni(1)-O(2) 180.0 N(14)#4-Ni(4)-O(8)#4 93.32(19) 
N(6)#2-Ni(2)-N(6) 180.0 O(8)-Ni(4)-O(8)#4 180.0 
N(6)#2-Ni(2)-N(5) 86.1(3) C(1)-O(2)-Ni(1) 131.2(4) 
N(6)-Ni(2)-N(5) 93.9(3) C(8)-O(4)-Ni(2) 136.9(4) 
N(6)#2-Ni(2)-N(5)#2 93.9(3) C(9)-O(6)-Ni(3) 131.9(4) 
N(6)-Ni(2)-N(5)#2 86.1(3) C(16)-O(8)-Ni(4) 129.9(4) 
N(5)-Ni(2)-N(5)#2 180.0(3) C(18)-N(1)-Ni(1) 119.0(3) 
N(6)#2-Ni(2)-O(4) 87.61(19) C(19)-N(1)-Ni(1) 103.4(4) 
N(6)-Ni(2)-O(4) 92.39(19) C(20)-N(2)-Ni(1) 103.2(4) 
N(5)-Ni(2)-O(4) 86.4(2) C(17)-N(2)-Ni(1) 113.7(4) 
N(5)#2-Ni(2)-O(4) 93.6(2) Ni(1)-N(2)-H(2) 108.4 
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N(6)#2-Ni(2)-O(4)#2 92.39(19) C(27)-N(5)-Ni(2) 113.3(5) 
N(6)-Ni(2)-O(4)#2 87.61(19) C(25)-N(5)-Ni(2) 104.3(5) 
N(5)-Ni(2)-O(4)#2 93.6(2) Ni(2)-N(5)-H(5) 107.5 
N(5)#2-Ni(2)-O(4)#2 86.4(2) C(24)-N(6)-Ni(2) 105.9(5) 
O(4)-Ni(2)-O(4)#2 180.0 C(26)-N(6)-Ni(2) 112.6(5) 
N(10)-Ni(3)-N(10)#3 180.0 Ni(2)-N(6)-H(6) 108.5 
N(10)-Ni(3)-N(9) 94.3(2) C(34)-N(9)-Ni(3) 111.7(4) 
N(10)#3-Ni(3)-N(9) 85.7(2) C(32)-N(9)-Ni(3) 105.7(4) 
N(10)-Ni(3)-N(9)#3 85.7(2) C(33)-N(10)-Ni(3) 114.6(4) 
N(10)#3-Ni(3)-N(9)#3 94.3(2) C(31)-N(10)-Ni(3) 105.6(4) 
N(9)-Ni(3)-N(9)#3 180.0 C(41)-N(13)-Ni(4) 113.6(4) 
N(10)-Ni(3)-O(6)#3 88.66(19) C(39)-N(13)-Ni(4) 107.8(4) 
N(10)#3-Ni(3)-O(6)#3 91.34(19) C(38)-N(14)-Ni(4) 106.5(4) 
N(9)-Ni(3)-O(6)#3 91.49(19) C(40)-N(14)-Ni(4) 113.0(4) 
N(9)#3-Ni(3)-O(6)#3 88.51(19) Ni(4)-N(14)-H(14) 108.3 
N(9)#3-Ni(3)-O(6) 91.49(19)   
Symmetry transformations used to generate equivalent atoms:  























7.3 Results and Discussion 
In order to develop a system containing Lewis basic moieties that receptible catalytic active sites as 
well as flexible behaviors, first, we induced the self-assembly of a rotational ligand, 2,2’,5,5’-
biphenyltetracarboxylic acid (H4BPTC), with nitrile-containing [NiLCN]2+ ([Ni(C14H28N8)]2+) as a 
metal building block, yielding flexMOF(CN) (Figure 7.1a). The square planar Ni(II) macrocycles are 
coordinated by two BPTC4- ligands in axial sites, resulting in six-coordinated geometry with a 
hydrogen bond between the remaining oxygen atoms of the carboxylate and the secondary amines in 
[NiLCN]2+(Figure 7.2). Since BPTC4- in flexMOF(CN) is not planar (dihedral angle of two phenyl 
rings, 52.780o) and coordinates four macrocycles, it constructs 3D networks having interconnected 
pores, in which void space is 52.5% per unit cell volume by PLATON calculations. Upon drying the 
MOF, the 3D structures drastically changed and exhibited structural flexibility, as evidenced by X-ray 
powder diffraction (XRPD) patterns (Figure 7.3, detailed activation are provided in experimental 
methods, dried compound in mild condition is denoted d-flexMOF(CN) (d = dried) and in harsh 
condition is denoted cp-flexMOF(CN) (cp = closed-pore)). The void volume also greatly reduced as 
23.5% for d-flexMOF(CN), and 6.4% for cp-flexMOF(CN). The flexMOF(CN) which has free 
nitrile groups exposed to pores was soaked in the solutions of palladium(II) acetate in acetonitrile 
(MeCN) in order to prepare Pd(II) ion coordinated flexMOF(CN) (Figure 7.1c). As calculated based 
on the elemental analyses and inductively couples plasma mass spectroscopy (ICP-MS) results, the 
sample contained 1.7 wt% of Pd in flexMOF(CN), designated as flexCatal. X-ray photoelectron 



















Figure 7.1. (a) Square planar Ni(II) macrocycles with nitrile pendant arms as metal building blocks 
and H4BPTC as an organic building block. (b) Single-crystal X-ray diffraction structure of 
flexMOF(CN), shown in the ab plane. (c) Representation of the catalytic Pd(II) sites anchoring in a 
















Figure 7.2. Representation of the linear connectivity between nitrile-functionalized macrocycle and 
























Figure 7.4. Pd 3d XPS spectra and fitting results of flexCatal.  
 
 
The coordination of incorporated Pd(II) ions to the free nitrile groups of flexMOF(CN) was 
verified by Fourier transform-infrared (FT-IR) spectra (Figures 7.5a and 7.5b). The pristine 
flexMOF(CN) shows peak at 2246 cm-1, which correspond to ν(C≡N)of nitrile group. Even though 
there is no evidence about coordination after 1.7 wt% of Pd(II) ion inclusion, the appearance of the 
higher-shifted C≡N stretching vibration around 2279 cm-1 in 7.2 wt% of Pd(II) ion included sample 
indicates that the coordination of Pd(II) ion to nitrile group of macrocycles. It was noted that the 
ν(C≡N) of nitrile shifts to a higher frequency when it coordinates to the metal species.35 Furthermore, 
to describe the coordination environment of palladium, we performed a first-shell fit of extended X-
ray absorption fine structure (EXAFS) data for flexCatal, obtaining good agreement between 
experimental and modeled data (Figure 7.6). This analysis resulted in a consisting of Pd-N, Pd-O, and 
Pd-Pd bonds, thus we anticipated palladium environment as indicated Figures 7.7a and 7.7b.  
  

















Figure 7.5. (a) FT-IR spectra and (b) those enlarged data of flexMOF(CN) and flexCatal. (c),(d) 
XRPD patterns of flexMOF(CN) and flexCatal with the simulated XRPD from single-crystal data 
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Figure 7.6. Extended X-ray absorption fine structure (EXAFS) analysis of flexCatal and its first-shell 




Figure 7.7. (a) Quantitative results of the EXAFS fit. (b) Anticipated structure of flexCatal based on 
the EXAFS results.  
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Pair CN R (nm) 2(pm2) E(eV) R(%)
Pd-O 1.221.1 0.19110.0087 926
3.6 8.68Pd-N 1.701.4 0.20980.0093 826












The X-ray powder diffraction (XRPD) patterns of flexCatal indicate that the behaviors of 
structural transformation were maintained even after post synthetic Pd(II) ions metalation (Figures 
7.5c and 7.5d). Low- and high-pressure CO2 sorption isotherms reflected well those consistent 
flexible behaviors. cp-flexMOF(CN) exhibited gate-opening for CO2 with an abrupt uptake at an 
threshold pressure of 0.42 bar at 196 K. When 1.7 wt% of Pd(II) ions are introduced, the resulting 
catalyst, cp-flexCatal displayed a very similar threshold pressure of ~0.40 bar with sorption capacity, 
step steepness, and hysteresis (Figure 7.8a). Furthermore, the CO2 sorption tendencies of cp-
flexMOF(CN) and cp-flexCatal did not change significantly.at 298 K. They traced similar two-step 
adsorption profiles with threshold pressure of ~15.5 bar (Figure 7.8b). Interestingly, it is possible to 
derive a different trend of CO2 sorption profiles depending on the activation conditions. As mentioned 
previously, d-flexMOF(CN) having larger void volume than cp phase can be generated by mild 
activation. The total CO2 uptake decreased in d-flexMOF(CN) without abrupt adsorption, which 
means that different pore sizes can be achieved at a specific pressure (Figure 7.9). Overall, via simple 
















Figure 7.8. (a) CO2 adsorption/desorption isotherms of flexMOF(CN) and flexCatal from 0 to 1 bar 





Figure 7.9. High-presssure CO2 isotherms of cp-flexMOF(CN), cp-flexMOF(CN), and d-flexCatal 
from 0 to 30 bar at 298 K. The dotted line is the pressure (16 bar) that we apply in ethylene 
































































To probe the effects of flexibility on the catalytic behavior, we examine the gas phase 
dimerization of ethylene. We hypothesized that the different pore sizes of the flexCatal would make it 
promising for catalysis such as catalytic conversion and product selectivity. To test this hypothesis, 
three pore sizes were realized by activation condition and CO2 pressure. The three conditions are as 
follows and termed as Condition I, Condition II, and Condition III, respectively (Figure 7.10); (i) 
pre-treatment at 110 °C, and then flows co-catalyst and 8 bar of C2H4 (ii) pre-treatment at RT, 16 bar 
of CO2 flow for pore-opening, and then flows co-catalyst and 16 bar of C2H4/CO2 (1:1) mixture (iii) 
pre-treatment at 110 °C, 16 bar of CO2 flow for pore-opening, and then flows co-catalyst and 16 bar 
of C2H4/CO2 (1:1) mixture. The three states exhibit qualitatively and selectively different catalytic 
behaviors (Figures 7.11 and 7.12). Condition I showed only about 1.2 % conversion after a reaction 
time of 1 h with a turnover frequency (TOF) of 82.9 h-1. The C4 selectivity is 94.3 % and 1-/2-butene 
ratio is 1.43. However, Condition II exhibited about 7.5 % conversion after a reaction time of 1 h 
with a turnover frequency (TOF) of 503.8 h-1. The C4 selectivity is 92.9 % and 1-/2-butene ratio 
decreased to 0.46. Remarkably, Condition III exhibited 19.3 % conversion after a reaction time of 1 
h with a turnover frequency (TOF) of around 1300 h-1 due to its large pore size. Resultingly, the large 





























Figure 7.11. (a) Illustration of three kinds of catalysts in accordance with pre-treatment and CO2 
pressure. (b) Those catalytic conversion and selectivity for ethylene dimerization. 
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1- / 2-butene t-/ c-2-butane
Condition I 110 
oC dry / 
Et2AlCl
Only C2H4 (8 bar) 82.9 1.43 2.03
Condition II
RT dry / 
CO2 16 bar / 
Et2AlCl
C2H4/CO2 16 bar 
(1:1) 503.8 0.46 2.19
Condition III
110 oC dry / 
CO2 16 bar / 
Et2AlCl
C2H4/CO2 16 bar 
(1:1) 1299.5 0.05 3.08
With co-catalyst after 1 h
203 
 
Generally, the Cossee-Arlman mechanism is commonly proposed for ethylene dimerization 
(Figure 7.13a).36 Following this mechanism, the catalyst require the use of aluminoxane activators or 
co-catalysts for pre-activating catalytic sites. The alkylation of intermediate state with Et2AlCl 
generate more coordinate metal ion species 1, which readily coordinates ethylene in a π complex 2. 
Then, insertion of ethylene into the existing metal-carbon bond forms 3 with extended butyl chain. β-
hydrogen elimination can occur to generate 4, after which ethylene may substitute for the coordinated 
1-butene, leading to intermediate 5. Metal hydride addition across the double bond generates 1 again. 
Alternatively, catalytic active sites also catalyzes the isomerization of 1-butene into 2-butenes (Left of 
Figure 7.13b).23 In parentheses, the mechanisms by which 2-butenes are synthesized straightly have 
never been presented. Overall, the 2-butene selectively produced in the Condition III can be 
concluded mainly due to isomerization. Indeed, when 1-butene was flowed into flexCatal, 1- and 2-




Figure 7.13. (a) Schematic representation of mechanistic pathways for ethylene dimerization, where 





First of all, we proposed mechanism about ethylene dimerization based on anticipated active sites, 
acetate-coordinated palladium (II), water-coordinated palladium (II), and open-coordinated palladium 
(II). Unfortunately, the calculation of the energy profile based on those three catalytic active sites did 
not match our results that 2-butene is selectively produced. During the calculations, we have proposed 
a more stable catalytic sites, the palladium (II) is coordinated by nitrogen of macrocycle and oxygen 
from ligand, although this may be experimentally possible (Figure 7.14a). This site was calculated to 
be isomerization energetically. In view of the calculations, we have introduced a macrocycle in which 
both arms are methyl groups, which can implement this site but cannot provide a direct coordination 
environment such as a nitrile functional group. As a result, it was found that 0.4 wt% of Pd(II) was 
contained by ICP data. Surprisingly, the material exhibited 0.5 % conversion after a reaction time of 1 




Figure 7.14. (a) A proposed catalytic active sites. (b) Tabular summary of the preparation and results 
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In summary, we designed a flexible MOF, flexMOF(CN) possessing free nitrile groups to anchor 
single-site catalyst and have shown that the incorporation of palladium (II) into the flexMOF(CN) is a 
promising strategy to achieve efficient and productive heterogeneous flexible catalysts for ethylene 
dimerization. The resulting catalysts, flexCatal, exhibited significantly different ethylene 
dimerization activity in view of conversion and selectivity in accordance with its pore size. More 
importantly, in Condition III, 2-butene was selectively produced due to the isomerization of 1-butene 
based on the Cossee-Arlman mechanism. The calculation of the energy profiles suggested a site that 
induces isomerization, and it could be demonstrated experimentally. Therefore, we have developed 
catalysts capable of controlling catalytic performance and selectivity within a system, and have 
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